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ERRATA. 

On page 9, line 30, deU ** force produced by the '\ 

On page 38, at bottom, add *' [Note, September, 1888. — k fall BynopBiB of recent work 
at the Bureau International on gas and mercurial thennometerB Ib given by Chappuis, 
Bibl. Univ., Arch. d. Sci., 1888, XX.]". 

On page 76, line 30, between *' ( " and before '*Annalen " insert '* Wiedemann ", 

On page 77, line 12, for ** Wiedemann '' read '* Weidmann". 

On page 77, at bottom, add *' [Note, September, 1888. The first part of Guillaume's 
Memoir on the Mercurial Thermometer, Bibl. Univ. Arch. d. Sci., 1886, having just now 
been received by me, is recommended to tbe student in search of further details.]''. 

On page 80, line 2r>, after *'and" insert '' in 1838 by Bravais, in 185r> by Renou, 
and ". 

On page 82, line 5 from the bottom, add ** In 1855 Liais and Le Yerrier furnished 
gilded bulbs for determining the air temperature at the new telegraph stations of the 
Imperial Observatory ''. 

On page 89. at the bottom, add " [In 1856 the problem of determining the temperature 
of the air by means of a single isolated thermometer was made the subject of the 
"Bordin prize'' by the Academy of Sciences at Paris, but I do not find that any sat- 
isfactory memoir was ever presented. ] ". 

On page 312, line 15 from the bottom, a note on the application of photography to 
the determination of tbe heights of the clouds is given by Ponillet in Paris, Comptes 
Bendus, 1855, XL, p. 1157, and it is necessary to modify this text to read as follows: 
' ' The apphcation of photography for this purpose was urged by Pouillet in 1855 and 
was contemplated by myrwlf in 1858. Pouil let's plan was to establish a camera at each 
of two neighboring points, with the optical axes directed permanently toward the 
zenith ; both simultaneous photographs will necessarily overlap, whence the zen- 
ith distances and bfanngs of many cloud points can be measured and the altitudes 
computed. Much preparatory work was done by Pouillet showing the practicability 
of his method. My own plan was to use a modification of the telemeter and photo- 
g^raph upon one plate simultaneously two images of the same olond, reflected fh>m two 
slightly convex mirrorB a short distance apart." 
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PREFACE. 



The antiquity of much of oar local weather lore shows that meteoro- 
logical observations and generalizations were among the first acts of an 
intelligent race; the practical study of meteorology and the local pre- 
diction of the impending weather began wherever and whenever man 
began to consider the possibility of ameliorating his condition on the 
earth. Becords of wind and rain and weather and miscellaneous phe- 
nomena date, like the records of eclipses, from the earliest times in the 
history of Assyria and China. The Phoenician navigator had given a 
distinctive name to the cloud that indicated rain and storm, but instru- 
mental observations of temperature, pressure, moisture, winds, and 
clouds could begin only since the days of Galileo and the development 
of physical science. Accordingly we find that, in 1653, as soon as the 
thermometer and barometer had become available, Ferdinand II, Grand 
Duke of Tuscany, organized a system of meteorological stations, each 
equipped with instruments, and from this date may be reckoned the 
beginning of modem accurate meteorolo<ry. Since tbat date new in- 
straments, or improvements on the old, have been inv^ented, and the 
present treatise is intended to set forth both the progress and the pres- 
ent condition of onr knowledge of the methods of accurately observing 
the fundamental data of meteorology. A uniform thought has guided 
the arrangement of the chapters on the different instruments, namely: 
there is first given a general description of the object to be attained; 
second, a development of the formulae for correcting the errors of the 
apparatus; and, finally, an indication of the refined methods of making 
standard determinations, to which all ordinary practical methods are 
to be considered as approximations. It will be found that satisfactory 
normal measurements of the temperature, pressure, moisture, and mo- 
tion of the free air are now quite within the power of the meteorologist, 
but involve great circumspection and labor, as does every work that 
lays claim to accuracy. 

Meteorology can only be worthy of a place among the exact sciences 
in proportion to the improvements in its methods of observation, and 
to the extent to which they cover the field of the phenomena. Thus the 
comparison between theory and observation requires the amount of 
solar radiation to be known to within 1 per cent., whereas it is at 
present uncertain by 15 per cent.; it requires the temperature of the 
air to be known within 0.5^ F., whereas published observations are not 
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b PREFACE. 

always reliable to within oae or two degrees; it requires the general 
moTemeut of the air to be known, whereas we have only very uncertain 
records of the stratum below 100 feet, nothing of the stratum between 
100 and 3,000 feet, and scanty records of the cloud stratum between 
3,000 and 30,000 feet. 

Every effort to explain the ordinary phenomena of storms is embar- 
rassed by the fact that assumptions as to the temperature, moisture, 
and wind have to be made because of the absence of actual observa- 
tions. Weather predictions will undoubtedly be more satisfactory when 
the present round of observations is enlarged so as to include the condi- 
tion and movement of the great mass of air above us, while at the same 
time increasing the accuracy of measuring the lowest stratum. It is 
hoped that the present treatise will contribute to extend the scope and 
to increase the accuracy of meteorological observations. 

One of the most serious obstacles to exact observation has been the 
great diversity of standards and instruments disseminated among ob- 
servers. In this respect the past decade has seen great improvement, 
especially through the recognition of the International Bureau of 
Weights and Measures as the ultimate authority in respect to all 
standards. I have, therefore, quite fully presented the methods adopted 
in that bureau, and must reiterate my former statements that implicitly 
it is the legal authority for the standards of temperature and pressure 
to be adopted by all the nations that contribute to its supr>ort. 

It is only proper to acknowledge the services rendered me in the 
preparation of this treatise by the scientific staff of the service, and 
especially by Junior Professor Frank Waldo and Sergeant George £• 
Curtis, Signal Oorps* Their compilations and suggestions have been 
valuable and timely, and the completion of this work within the present 
year was only rendered possible through their interest and assiduity. 

The very extensive subjects of optics, electricity, and aotinometry i-e- 

main to be presented in a subsequent volume. 

Cleveland Abbe. 

October, 1887. 
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STANDARDS AND UNITS OF MEASUREMENT, 

The measarement of meteorological phenomeDa involves the ase of 
numerous physical units, and, for convenience of reference, such ex- 
planations of termd and units as will be of general application in the 
subsequent part of this work are here collected. 

The units adopted in scientific work are preferably those of the Metric 
System, but the English System is sometimes used, and, therefore, both 
are defined in the following schedule : 

Units of Length: 
Metric System : 

The meter; an empirically assumed unit intended to be one ten-million th of 
the quadrant of a meridian, bnt actually represented by standard plati- 
num bars preserved by the Bureau des Archives, and by iridio-platinnm 
bars preserved by the International Bureau of Wei«;lits and Measarcs at 
Paris. These are approximately equal to the one ten-millionth of the 
quadrant of a meridian with which the meter was originally intended to 
be identical. 
BnglisK System : 

,The foot ; the third part of a yard ; an empirical unit legalized by English 
laws, and actually represented by standard bronze bars preserved by the 
warden of the mint at London. 
The mile, 6,280 feet. 
Units of Area : 

Metric System : The square centimeter. 
English System : The square foot. 
Units of Yoluhs : 
Metric System : 

The cubic decimeter ; oaUed, also, one liter. 
English System : 
The cubic foot. 

The gaUon ; equivalent to the volume of 10 pounds avoirdupois of distiUed 
water as weighed in air at a temperature of 62^ F., and under a pressure 
of 30 inches of the barometer at London ; this volume has been deter- 
mined to be equivalent to 277.274 cubic inches. 
Units op Anolb : 

(1) The angle subtended by the circumference of a circle, fractions being ex- 

pressed as decimal parts of this unit. 

(2) The radian ; the angle subtended by a portion of the circumference of a cir- 

cle equal to the radius. 

(3) The degree ; the angle subtended by the 3(>0th part of the circumference, 

measurements being expressed in degrees and decimals, or in degrees^ 
minutes, and seconds. 
The radian equals 57-.*^y578. 
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Units of Time : 

The second ; the one 86 400th of a mean solar day. 

The hoar; the 24th of a mean solar day. 

The mean solar day. 

The mean sidereal day.. 

The mean solar year, or 365.2422 solar days. 

Ukits of BCass : 
MeMo System : 

The kilogram; represented by a definite mass of platinam preserved by the 
Bureau dee Archives at Paris. This is very approximately eqnal to the 
mass of one cnbic decimeter of pure water at its maximum density with 
which it was originally intended to be identical. 
The gram ; the 1000th of a kilogram. 
English System : 

The pound troy. 

The pound avoirdupois. . 

These are both represented by brass and platinum standards preserved at 

London. 
The legal relation of these units is, one pound troy equals 5,760 grains; one 
pound avoirdupois equals 7,000 grains. 

Units of Linear Velocity : 
Metric System : 

A centimeter per second. 
English System : 

A foot per second. 

A mile (5/i80 feet) per hour. 

Units of Angular Velocity: 
Metric System: 

A radian per second. 
English System: 

A degree per second; any unit of time suitable to the nature of the motion, 
as a second, a day, or a year may be used. 

Units of Linear Acceleration: 

The unit acceleration is an increase of any given velocity by a unit velocity 
in a unit of time. 
Metric System : 

An increase of velocity of one centimeter per second, per second. 
English System : 

An increase of velocity of one foot per second, per second. 

Units of Angular Acceleration: 
Metric System: 

An increase of angular velocity of one radian per second, per second. 
English System: 

An increase of angular velocity of one degree per second, per second. 

Units of Momxntcjm: 

In general the momentum of a unit mass moving with unit velocity. 

Units of Momentum for Linear Motion: 
Metric System : 

The momentum of a gram moving with a velocity of one centimeter per 
second. 
English System : 

The momentum of a pound avoirdupois moving with a velocity of one foot pi*r 
second. 
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TTaiTB OF MOMBHTUlf FOB ANGULAR MOTION: 

Metric Sjfaiem : 

The momentam of a Kram moTing with an angular velocity of one radian per 
seoond on a oirole of one centimeter radins. 
MngUsh System : 

The momentam of a pound moving with an angular velocity of one radian 

per second on a circle of one foot radius. 
A unit mass having each angular motion haa a unU moment of momentum. 
The meaaure of any moment of momentum is, then, in general, given by 
the equation Jf.if. =/. FF, where / is the moment of inertia, aud FT the 

angular velocity ; / is given by the formula I^=y*r*dm, r being the dis- 
tance of any particle dm from the axis of rotation. When I and IFan^ 
each unity, or when their product is unity, we have a unit moment of 
momentum. 
Units of Force: 

The existence of force i^ known only by its effects in producing or destroyiug 
momentum. lu general, the unit force is defined as that which in a uuit 
of time generates a unit of momentum, or acting on a unit of mass gen- 
erates in it a unit velocity. 
Metric System: 

The dyne; that fbrce which, acting continuously on a gram, is sufficient to 
give it a velocity of one centimeter per second, per second. If a force F, 
acting on a free mass of m grams for t seconds, will generate a velocity 

of V centimeters per second, then will Fz= *— dynes. 

English System : 

The poundal ; that force which, acting on a pound, is sufficient to generate a 

velocity of one foot per second, per second. 
The force of gravity is about 32 poundals. 
ChravitaOon System : 

The force produced by the apparent attractioii of the earth at latitude 45^ and 
sea-level acting on a unit mass. 
Unit Couple : 

Two equal and opposite forces applied to a body so as to alter the rate of rota- 
tion are called a coaple. The distance between their lines of action is 
called the arm, and the product of the arm into one of the forces is the 
moment of the couple. In general, a unit couple is one which has a unit 
moment or the product of a unit force into a unit length of arm. 
Metfio System : 

The unit couple is one dyne acting at a lever arm of one centimeter. 
English System : 

The unit couple is one poundal acting at a lever arm of one foot. 
Units of Work: 

In general, the work done by a uuit force acting through a unit distance. 
Metric System : 

The erg ; the work done by a force of one dyne acting through a distance of 
one centimeter. 
English System : 

The megalerg =. 1 000 000 ergs. 

The foot-poundal ; the work done by a poundal acting through a distance of 
one foot. (British and American engineers are in the habit of using the 
foot-poundj or the work spent in raising one pound one foot against the 
force of gravity. This would be satisfactory if gravity were constant 
over the earth's surface, but the acceleration of gravity varies, and 
hence the foot-pound must be a variable unit.) 
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Units of Weight: 

Apparent wei^t is the vertical pressore due to the action of all the foroea 
that affect bodies on the earth's snrfaoe. After correcting for the baoy« 
ancy of the air, the remaining weight, called the weight in-vacno, ia 
essentially due to the apparent gravity, or the attraction of the earth 
diminished by oentrifngal force. The unit of weight is the weight im 
vacuo of the unit of mass nnder the action of apparent gravity at lati- 
tude 45° and sea-level. 
Metric System : \ 

The weight in vaouo under standard gravity of the kilogram preserved at 
Paris. 
English System: 

The weight nnder gravity at London at the office of the warden of the stand- 
ards, and in air (whose density corresponds to a temperature of &iP F. to 
a relative humidity of 65 per cent., and to a pressure of 30.00 inches of 
mercury at standard density under the gravity at London at sea- level) 
of a brass Troy pound preserved by the warden of the mint. 
Units op Heat: 

In general, the amount of heat required to change by one unit the tempera* 
ture of a unit mass of pure water. 
Metric System: 

A calorie : the amount of heat required to raise the temperature of a kilo- 
gram of pure water from 0° to 1° C. (Pouillet.) 
A gram-degree or small calorie. 0.001 of a calorie (Everett.) 
English System: 

A pound-degree: the amount of heat required to raise a pound of water from 
the temperature 50° F. to 51^ F. (Tait.) 
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■ CHAPTER I. 

mSNEBAL EI8T0BT OF TEEEM0METBB8, 
1. IMPOBTAXCB OF HI8TOBI0AL 8TVDT, 

The temperature of the air is measdred by means of the thermom- 
eter, and is the most important meteorological phenomenon. Observa- 
tions of the thermometer have been recorded in the United States since 
1738, in France since 1670| in England since 1661, and in Italy since 
1654; bat the thermometers employes, as well as the methods of expo 
sure, have been so various, that it is only by careful study of the history 
of the thermometer that the older records can be rightly used in dis- 
cussing questions as to secular changes in climate. For this purpose, 
especially, the progress-of the improvements leading to modern accurate 
thermometry must be presented in some detail. 

9. ITALIAN ORIGIN. 

The expansion of air and liquids by heat was known in ancient 
timjes, but the first application of this knowledge to the determina- 
tion of relative temperatures dates from the time of Galileo. (Galileo 
was born 1564, and died 1642.) Owing to the loss of the unpublished 
letters and treatises of Galileo, we have to rely on the obscure state- 
ments of a few cotemporary authors, and the conflicting views of 
later writers, for information as to the origin of the thermometer. 
Apparently an elementary form of the air thermometer was known 
to Galileo, and used by him in his lectures at the University of Padua 
during the years from 1592 to 1609. This thermometer is described in 
an Italian edition of Porta's Pneumaticorum, published in 1606. It was 
adopted by the physician Sanctorius after becoming professor of sur- 
gery at Padua,* where he lectured during the years 1611 to 1624, after 
which he removed to Venice, where, in 1624, he published his commen- 
tary on Avicenna, in which its use is referred to. Although called 
Sanctorius' thermometer, he did not invent or claim jt, but merely intro- 
duced its use into medical practice. As used by him, it was a simple 
thermoscope for showing the excess in the temperature of a feverish 
I)atient above that of persons in normal health. It consisted, essen- 
tially (see Fig. 1), of a glass globe (a) opening into a narrow tube (h)^ a 
little water having been first poured into the globe through the tube; 
the latter is then inverted and dipped into the vessel of water (c), 

* Apparently Saoctorias had not adopted it previous to 1611; when lie published 
the first edition of his commentary on Galen. 
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whereupon the contained water flows down and partly fills the tube up 
to some point (d). If now a person in ordinary health grasps the globe 
(a), the expansion of the contained air will depress the water below the 
lK)int {d)j and a feverish patient having a higher temperature will pro- 
duce a still greater depression. This primitive form of the thermome- 
ter became known throughout Europe through the crowds that thronged 
the lectures of Galileo and Sanctorius.* 

In the first form of the thermometer or thermoscope, and in many of 
its early modifications, the varying pressure of the atmosphere has so 
large an influence on the length of the column of water in the tube that 
the observations with a given instrument must all be made in the short 
time during which the atmospheric pressure is constant; moreover, the 
instrument can not be carried any distance without danger of com- 
pletely changing its condition. 

From this crude form of thermoscope an important advance in ac- 
curate thermometry was made by Galileo in adopting a bulb full of 
liquid as the thermometric material. Sagredo in his correspondence 
with Galileo, May 9, 1613, and also Yiviani in his biography of Galileo, 
written in 1654, ascribe to him alone the invention of this improved 
thermometer evidently earlier than 1611 or 1612; Libri inclines to 
the date 1596. This form was definitely described by Jaen Rey in 
a letter to Father Mersenne, dated January 1, 1632, as quoted by 
Hoeffer in his History of Chemistry, wherein Rey speaks of the ther- 
mometer made of a small vial with a long neck filled with water as 
used by him for observing the temperature of feverish patients nnd 

other objects. 

■ - ■ ■ .. . ■ » 

*This thermometer soon became the sabject of description by many writers to 
some of whom it has occasionally been attributed as an independent invention. 
The foUowing early works contain a reference to it or a description : 

Telionx (b. , d. ), Matematica Mara Yigliosa, 1611; Solomon De Cans (b. 

1576, d. 1630), Baison des Forces, 1615; Lord Francis Bacon (b. 1561, d. 1626), Novam 
Organnm, 1620 ; C. Drebbel (b. 1572, d. 1634), Tractatns de NatoriB-Elementoram ; 
S. Sanotorins (b. 1560, d. 1636), Commentary on Avioenna, Venice, 1024, and Com- 
mentary on Galen, 2d ed., Leyden, 1G31 ; P. Sarpi (b. 1572, d. 1623) nsed the thermom- 
eter in 1617 ; Lanrechon (b. , d. ), Recreations Mathematique, 1624 ; Caspar 

Ens (b. , d. ), Translation of Lanrechon, 1636 ; R. Flndd (b. 1574, d. 1637), 

Philosophia Moysaioa, published in 1638 (says it was known five hundred years ago) ; 
Van Helmolt (b. 1577, d. 1644), Ortes Medicini, 1648; Otto Guerioke (b. 1602, d. 1686), 
in lectures delivered in 1654-1663. Guerioke erected a very large calendarium in the 
open air, introducing a floating figure as an index in the tube, and nsed it as a weather 
glass, by which he predicted the approach of a storm in 1660. On account of its in- 
cessant variations he called it perpeiuum mohiU, or one form of perpetual motion. Sturm 
{h. 1655, d. 1703), Collegium Ezperimehtale, 1685, describes this with other forms, 
including the differential thermometer of Leslie. 

Even as late as 1700 this form of thermometer was re-invented and used by Geof- 
frey in some investigations commanicated in 1700 to the Royal Academy of Science at 
Paris, and in 1701 to the Royal Society of London, " On the cold of solutions and fer- 
mentations." (Geoffrey had, in fact, been using the Florentine thermometers, but 
finding them not sufficiently sensitive had returned to the older Galilean form. 
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nhe records of the Aecademia del Gimento * show that Galileo ami 
pupils, especially Ferdinand II, Giand Dake of Tascany, and a 
I>£itrou of the academy, made further improvements, and that, as early as 
XG41, the Florentine philosophers were using the modem form of tber- 
Udometer, namely, a bulb filled with spirit of wine or other liquid, with 
it;s9 tube sealed and graduated to accord with some standard by marks 
X>laced on the glass stem itself— all which improvements are to be cred 
Itied to Ferdinand II. Spirit of wine was the liquid ordinarily employed , 
c^olorless spirit being preferred because of its less liability to molecular 
obanges ; mercury was used by the members of the academy only for a 
:rew special investigations on the capacity of bodies for heat, or on the 
sensitiveness of different substances. Spirit thermometers of this con- 
struction were made in great numbers by the expert glass-blowers in the 
pay of the Grand Duke of Tuscany, and were distributed widely in Italy 
and southern Europe, where systematic meteorological records began 
to be kept at a large number of stations under .the auspices of Ferdi- 
nand II. In 1653 this enlightened prince distributed thermometers to 
several cloisters, beginning with that of Angelus, near Florence, and 
organized a system of daily records, observations, and reports, the gen- 
eral oversight of which was committed to Father Luigi Antiiiori. Spirit 
thermometers were used at these stations, and the graduations extended 
from zero up to fifty ; one subdivision corresponded closely to fiftieths 
of the volume of the bulb.f 

''The Acoademia del CimeDto of Florence was fouuded by Prince Leopold, brother 
of Ferdinand II, Grand Dake of Tnscany, and consisted of nine members, all of whom 
were former pupils of Galileo, namely, Borelli, C. Bnono, P. Buono, Magalotti, Mar- 
selli, Olivia, Redi, Renaldini, and Yiviani. The sessions of the academy were held in 
the palace of the prince and began June 19, 1657. The object of the academy was to 
farther the study of those exact sciences in the pursuit of which Galileo had spent his 
lifb. Its meetings were strictly private and were devoted to the experiments and dis- 
cussions in which all took part. Whatever results were clearly arrived at were the 
property of the academy as a whole ; a minute diary was kept, and is still preserved 
in manuscript, showing the exact part taken by each ; but in the official publication 
no person is mentioned by name. It is not known that any of its results were published 
until the first volume appeared, just before the abolition of the academy and some 
ten years after its founding; such thoroughness was required in order to meet every 
objection put forth by the opponents of scientific progress, aod sach secrecy was neces- 
sary in order that the hatred of the Jesuits should not fall upon any one individual. 
But the academy eventually suffered severely from the personal dissensions of its mem- 
bers, and was dissolved by Leopold when he accepted the place of cardinal that had 
been vacant since the death of his cousin Carl. It is most probable that the decree of 
abolition was not, as stated by some, an immediate consequence of his elevation, but 
was dae rather to the internal condition of the academy. The publication, on Juae 
10, of the first and only volume of its transactions " Saggi di naturali sperienze ; fatte 
neli' Aecademia del Cimento, Firenze 1667,'' marks an epoch in the history of science; 
this volume consists of thirteen chapters devoted to experiments in the physical sci- 
ences, except the first, which deals with the instruments and methods employed. 

t This style of thermometer was used by Ferdinand II in 1644 in experiments on arti- 
ficial incubation. Monconys states that it had been shown him by Torricelli in 1646. 
It is also that referred to by Sturm as having been sent from Florence to Rome in 1649. 
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By 1657 the barometer, wind- vane, and hygrometer were fiirnished 
each station, and thus the first complete meteorological system in Earope 
was inaagnrated. 

How closely the thermometers of that time agreed among themselves 
is not known ; mach complaint was made in England of the disagree- 
ments of the Florentine thermometers, bat it is certain that great care 
was taken at Florence to adjast properly the sizes of the bulbs and tubes. 
Two centuries later^ in 1829, Y; Antinori, superintendent of the Phys- 
ical Museum at Florence, found a chest containing a large namber of 
these old thermometers, such as had been furnished by Ferdinand U to 
his observers, apparently in good condition. In 1830 Libri made com. 
parisons between some of these and the modern standard thermometers, 
with the general result that the Florentine scale can be converted into 
Reaumur degrees by a table of equivalents of which the following is an 
abstract : 



Florentiae B6aaxnxir 
Bcale. degrees. 


Centigrade. 


o o 
0. -16. 

la. 6 0. 

60. -H4. 


• 
-18.9 

0. 
+55. 



Libri then reduced the meteorological observations made at the 
cloister at Angelus, near Florence, for the sixteen years, 1655-1670. A 
comparison of the resulting temperatures with the modern observations 
at the same place showed that there had been no appreciable change 
during the past two hundred years. 

These old observations have been ascribed by some to Benieri, the 
pupil of Galileo, but as he died in 1647 or 1648 it is evident there mast 
be some mistake. 

* 3. ENeilSH THBBMOMBTBBS. 

In the early part of the seventeenth century there were biit few 
places in Europe where glass tubes could be properly constructed, and 
nowhere could the workmen vie with those in Florence. Among the 
first scale thermometers made outside of Italy were those made at Ox- 
ford in 1661 by Sir Robert Boyle, who states that having seen a small 
sealed Florentine thermometer which had been brought to England by 
Sir Bobert Southwell, then president of the Royal Society, he immedi- 
ately set about constructing one like it.* 

* Robert Hooke (b. 1635, d. 1703), who waa an assistant to Boyle and ** curator of 
experiments to the Royal Society/' states that he was the first to make these ther- 
mometers in England, whence I infer that he did this at Boyle's request in Boyle's 
laboratory, At that time the Royal Society was essentially a friendly association of 
the promoters of the new experimental philosophy. Like the Florentine Academy, 
this society also held the establishment of a new truth in philosophy to be a matter 
in which the academy had a common interest; any advance was ratified or indorsed 
by the society by a common vote, and the question of individual credit for a discovery 
was held as a matter of minor importance. In this way it happened that the per- 
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Boyle's method of graduation was similar to that of the Florentine 
makers. From his description it would appear that he assumed the vol- 
ume of the spirits of wine at the temperature of freezing water to be 
unity, and then marked on the tube graduations corresponding to expan- 
sions by successive ten-thousandths of that volume instead of fiftieths. 
Although he thus imitated the sealed Florentine instrument, yet there 
is presumptive evidence that the thermometer ordinarily used by him 
was not sealed, as indeed was not necessary, except in order to ])reserve 
the liquid from gradual evaporation. Following his precedent, open 
tubes, although discarded in Florence, yet remained in common use in 
England as late as 1740, by which time the sealed Fahrenheit thermom- 
eters had begun to displace them. During these eighty years, from 1660 
to 1740, the one improvement in thermometry originating in England 
was that by Sir Isaac !N^ewtou, published anonymously in 1701. This 
improvement consisted in what is now known as calibration, or an accu- 
rate method of allowing for irregularities in the bore of the tube.* 

SUBSEQCTENT PROGRESS IN THERMOMETRIC DETAILS. 

4. THB MATEBUL. 

The thermometric Bubstance first adopted was air. But, as first 
used by Galileo, the compression due to varying atmospheric pres- 
sure introduced a serious source of irregularity in its indications. 
Varions methods of eliminating this were subsequently suggested by 
Hooke, Amontons, La Hire, and others, or are derivable from their 
apparatus, leading to the modern or Joly air thermometer, in which 
the volume of air remains constant, and its temperature is given by 
measuring the variations of its pressure. The first thermometer in 
which the expansion of volume of a liquid is used was due to Galileo, 
and became the parent of the famous Florentine thermometers. In 
these a fine tube was expanded at one end into a bulb which was filled 
with spirit of wine, and the upper end was hermetically sealed. The 

sistoacy of Hooke in claiming priority of invention, frequently on nnHatisfactory 
grounds, notwithstanding his remarkable versatility, gave rise to mach unpleasant 
feeling ; his dislike of suoh controversies moved Sir Isaac Newton to delay publish- 
ing some of his most interesting works, including his paper on the graduation of the 
thermometer, which appeared anonymously in 1701, although it must have been com- 
pleted, and the substance possibly delivered in his lectures at Cambridge, as early as 
1668, and was certainly in his hands in 1680. (See Cotes's Lectures, published in 1738 
by his successor, Robert Smith.) 

* This statement is made in view of the fact that Halley, in 1693, proposed the use 
of mercury and then rejected that liquid, apparently not knowing that mercurial 
l^hermometers had been used in Florence ; again, Halley knew and proposed to utilize 
the boiling-point of spirit and possibly water; Hooke, also, as early as 1664, proposed 
the use of the constancy of the freezing-point of water, and in 1684 the constancy of 
the boiling-point ; but none of those ideas were adopted, and there was really no 
advance made on the Florentine system of graduation, although, owing to the latter 
being but little understood, others subaequeutly claimed to have pointed out methods 
of improving thereon. 

SIG 87, PT 2 2 
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ODly other liquids employed to any extent have been linseed oil, used 
by Sir Isaac Newton and his successors at Oambridge down to 1740; 
oil of anise s^d, nsed by Hooke; ordinary wine, frequently used instead 
of spirit of wine; and mercury, which did not come into general use 
until it was adopted by Fahrenheit in 1724. 

a. THE FOBM. 

The expanding material has been utilized in the following methods: 
(a) Air expanding against the pressure of the outer atmosphere, as 
in Galileo's, Drebbel's, Fludd's, and all similar forms. 

(5) Air expanding against the pressure of a column of mercury in a 
sealed tube, as in the form devised by Hubin (1725), and by D'Alenc6 
(1688), and slightly modified forms by Hermann, Balthasar, J. Bernoulli, 
and Amontons. In both these the efforts to nullify the variations of 
external pressure are quite successful, but other disturbing causes are 
introduced, rendering the apparatus too complicated to be accurate or 
convenient. 

(c) Air expanding against air of a constant temperature in a sealed 
bulb. This constitutes the so-called differential thermometer and with 
various slight modifications is presented in the inventions of Sturm 
(1766) and Schott (1657). 

(d) Air expanding against the pressure of a column of mercury in ad- 
dition to that of the external air, the mercurial column being so adjusted 
that the original air volume is always retained. This is the modern air 
thermometer as presented in the construction adopted by Begnault, 
Joly, etc. 

(e) A bulb full of liquid expanding into a tube whose upper end is 
open to external atmospheric influences of all kinds. This is the form 
of the liquid thermometer invented by Oallileo, and used by Boyle, 
fiooke, Newton, Halley, and in England generally until the Fahrenheit 
thermometer superseded it. 

(/) A bulb full of liquid expanding into a sealed tube with air above 
it. This was the case with most of the thermometers called Florentine, 
whether constructed in Florence or elsewhere in Europe. Although the 
presence of the air may have been at first accidental or unintentional, 
yet in the mercurial thermometers constructed by Wolff (1709), and in 
the spirit thermometers made by B^aumur, Fahrenheit, and some others, 
a little air is intentionally left in the upper part of the tube where its 
expansion and pressure tends to raise the boiling-point of the contained 
liquid so that these thermometers would indicate temperatures some- 
what above the boiling-point of the liquid of which they are made. 

{g) A bulb full of liquid expanding into a tube which is, as nearly as 
possible, exhausted of air, and of all gases except the vapor of the con- 
tained liquid. This form was adopted by Ducrest, Ohristins, Deluo, and 
Celsius, and is that of the modern thermometer. The desirability of 
expelling the air seems to have been first appreciated by Boyle, who. 
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however^ states that he was anable to persaade his co-laborers that a 
thermometer of this sort could possibly be made. The objections to a 
vacnam in the tabe of spirit thermometers were f ally considered and 
refated by Dacrest. The necessity of. a vacnam chamber in mercurial 
thermometers in order to prevent their bursting at high temperatares 
was appreciated by Fahrenheit. The importance of expelling all air 
from the glass tabe to the sides of which air strongly adheres, in order 
thereby to increase the sensitiveness and diminish the resistance to the 
movement of the mercurial column, is a matter that has been only during 
the present century appreciated. 

(h) One of the forms given to the thermometer, but one not at all 
desirable for delicacy or accuracy, was for a time popular in Italy, and 
is mentioned by the Accademia del Gimento. It consists essentially of 
a tall jar of water in which are floating hollow glass globes terminating 
below in short tubes. As the temperature of the water rises and its den- 
sity diminishes, these globes, which are partly filled with air, change 
their own density more rapidly than does the water ; they consequently 
rise or fkll to new positions of equilibrium. If the globes and their f 
tubes are hermetically sealed, their motions depend almost wholly ou 
the changes in the density of the water, and not on the expansion of the 
air within them, so that they will fall instead of rise for rising tempera- 
ture. If the bulb and tubes are open they are sensitive to changes in the 
atmospheric pressure, which, acting through the water, alters the density 
of the air within them. To ofTset this the jar containing them may be 
hermetically sealed, in which case a rise of temperature, by expanding 
the air near the bottom of the jar, acts like an increase of atmospheric 
pressure, thereby condensing the air within the open globes and causing 
them to descend in the jar, while for closed globes the rise of tempera- 
ture will cause them to descend in a less degree. These four combina- 
tions, namely, closed or open globes within closed or open jars of water, 
forming what is known as ^' Ferdinand's globes," or the <' Florentine," and 
the ^* Stuttgart" experiments with the Cartesian divers, were exhibited 
throughout Europe, and served to stimulate the study of the phenomena 
of expansion due to heat and pressure. But, considered as thermom- 
eters, they were properly condemned by the Florentine academicians 
as unnecessarily complex and sluggish. 

6. CALIBBATIO!!. 

in the early thermometers care was taken to select glass tubes of 
apparently uniform bore, but as it became important to render ther- 
mometers more thoroughly comparable among themselves, methods 
were devised of allowing for inequalities in the diameter of the 
bore. The first of these was that executed by Sir Isaac Newton, 
who poured equal weights of mercury into his tube until it was full, 
marking for each addition the height to which the tube was filled, thus 
obtaining divisions corresponding to equal increments of volume. 
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B6aamur adopted a similar method. A second method was invented 
by Joseph liT. De Lisle (b. 1688, d. 1768) and nsed also by Dacreat. 
This consiists in observing the length of a drop of mercury contained 
within the bore of the tube, which, as it slips from one end of the bore 
to the other, has various lengths according to the diameter of the tube; 
these lengths, therefore, show how the tube should be divided so as to 
secure uniform volumes for each division of the scale. This method, in 
various modern improved forms, as given by Gay-Lussac, Bndberg, 
Egen, Bessel, Oettiugen, P. A. Hansen, F. E. Neumann, Thiesen, and 
Broch, is that now commonly used. 

7. FIDUCIAL P0IKT8 AND NtMEBATlOIfS OF DB6BBS8. 

The construction of a thermometer that shall be a reliable indicator 
of relative temperatures implies the adoption of a standard tempera- 
ture, a method of subdivision, and a system of numeration. The latter 
are arbitrary, the first should conform to the laws of nature. Begin- 
ning with Galileo, there was an active search for a natural standard of 
'temperature, easily reproduced at any time, by means of which to se- 
cure comparability, and to ascertain the reliability of thermometers. At 
first, physicists and physicians alike considered the temx)eratur6 of the 
healthy human body as a natural standard, and for a century this was 
adopted as one fixed point by almost all thermometer-makers^ including 
Galileo, Borelli, Kewton, and Fahrenheit. In the first editions of Sano- 
torius's Commentaries there is nothing definite as to any divisions on his 
thermoscope, but his second edition (1631) speaks of measurements as 
though by that time he had modified the instrument. Neither does 
Porta, in 1606, say anything about the division of his thermometers, 
These were, therefore, at first simply rude thermoscopes, but afterwards 
a few graduations were added in order to measure differences of temper- 
ature; subsequently the Drebbel or Fludd form of the primitive air 
thermometer had its zero point placed at the normal temperature of a 
healthy man, as determined by i)lacing the thermometer in the hand 
or in the axillae; the departures from this temperature were measured 
above and below, and the extremes were numbered 3, 7, or 12, accord- 
ing to the mystic or religious ideas of the physicians. 

Galileo and Sagredo adopted other fixed points, such as the tempera- 
ture of cold spring water, considering this to represent another natural 
standard, namely, the temperature of the ground. The first graduated 
"bulb-and-stem" thermometer was that referred to in the letter of 
Sagredo to Galileo, in 1613, wherein the arbitrary division of 360 degrees 
was adopted, apparently from the divisions of a circle, and where zero 
represented the temperature of a mixture of snow and salt, and 360 that 
of the hottest summer day. On this scale 100 degrees was the temper- 
ature of melting snow. It seems plausible that Sagredo arrived at this 
division and numeration by simply curving the long stem of bis ther- 
mometer around a graduated circle, very much like the thermometers 
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that now frequently accompauy aneroid barometers. This adoption by 
Sagredo of two fixed points or temperatures with a definite intermediate 
graduation seems to have been soon forgotten, but the adoption of the 
360 circalar degrees sufficed to fix the application of the word '^degree" 
to the thermometric spaces. With this exception thermometers were 
for a long time divided by volumes in accordance with the idea that 
the expansion is in exact proportion to the amount of heat, and that, 
therefore, the degrees should represent equal volumes or portions of the 
original volume of the liquid. Ferdinand and his associates continueil 
the search for a constant and easily verified point of reference. They 
determined the temperature of human beings and of animals; for ex- 
ample, that of the fowl during incubation ; the temperature of the earth 
as shown by spring water, and by the air in caves. For a hundred 
years the cave temperatures at Paris were used by some as standards, 
bat Boyle, in 1667, clearly showed that such a standard was illusory. 
The freezing mixtures, especially ice and salt, gave the temperature 
that was adopted in Florence as the zero of the numeration of the sc<ile, 
as this was at or below the lowest temperature likely to occur; but the 
melting-point of ice was used as a fiducial point at which to compare 
and correct different thermometers. Thus the original zero of Galileo 
and Sagredo was perhaps intentionally retained in the accurate ther- 
mometers used by the Accademia del Cimento. These were graduated 
from near the bulb upwards in tenths of inches to the temperature of 
60^ or lOQo or 300o, depending upon the object upon which they were 
to be used. On these thermometers, and after graduation, the point fot* 
melting ice was carefully determined, and was 20 degrees on the 100- 
scale thermometer, and 13.5 on the 50-scale thermometer; all other 
thermometers of this size had the same divisions and point of melting 
ice. The artisan who made these for the Grand Duke '< stated that he 
could guaranty to make at least two or three of the 50 degree scale that 
would be perfectly comparable." It is evident that each of these de- 
grees must have corresponded to some definite fractional part of the 
volume of the bulb, although that fraction was not adopted in advance 
or represented by any known number. 

During the rest of the seventeenth century observers in other conn- 
tries each adopted a zero point at his own convenience ; thus D'Alanc^ 
adopted freezing weather (namely, weather in which frost was formed) 
lis his zero,* and melting butter as his 20-degree point; he extended 
his scale 5 degrees above and below these limits. De I'Isle at first 
found that with an accurately calibrated tube, ten thousand parts at 
freezing became 10150 at boiling ; he therefore divided the space into 
150 equal parts, and as his zero adopted the temperature of the caves 
of the observatory at Paris. Afterwards, on removing to Bussia, he 

•The thermoraeter hang outside his window ; the frost was formed on the gronnd 
near by; therefore, in general , the zero of his thermometer was probably above the 
freezing-point. 
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retained the same valae of 1 degree, bat adopted as zero 100 degrees 
below the Paris cave temperatures. Sir Isaac Newton, having first care- 
fally calibrated his tube, then graduated it and numbered it by volumes 
from 1000, at freezing, up to 1412 as his highest point; he then added 
to this a second scale of ^'degrees of heat,'' in which he took as his two 
arbitrary fixed points freezing water and the temperature of the human 
body, which be calls, respectively, zero and 12, and which agree with 
the volumes 1000 ana 1026. Assuming that equal volumes correspond 
to equal volumes of degrees of heat, this gave him 33 or 34 degrees for 
boiling water, and 192 degrees for his highest temperature, or 141G 
volumes. By taking steps in geometrical progression (0, 12, 24, 48), 
he found his upper limit, 192, to be the fifth step in this series, which 
he calls his geometrical scale of degrees. To these Newton added a 
series of careful determinations of numerous natural temperatures, an 
abstract of which is given in the following table: 

NtvotoiCs scale of degree* of heat. 



•Volames. 


Degrees of beat. 


Katnral temperatares. 




ArUhmttrie. 


Qwm€tric, 




1416 


192 


6 


Hot Are. 


1208 


06 


4 


Melting lead. 


1104 


48 1 3 


MelUDg alloy. 


1074 
1071 


34 
33 
24 


2.6 


\ Boiling water. 
Melting wax. 


1061.5 


2 


1020 


12 I 1 


Hnmanbodj. 


lOOO 








Freezing water. 


000 






Lowest air temperature. 









The above work was probably done by Newton mostly about 1668 
and was fully published by him in his lectures at Cambridge — thirty 
years before its appearance in 1701, in the Transactions of the Boyal 
Society. 

In 1694 G. Eenaldini published in his Philosophia Naturse a method 
that, had it been practicable, would have constituted an improvement od 
the methods of graduations previously in use* Benaldini's method was 
based on the principle that the temperature is directly proportional to 
the quantity of heat in a given volume of water, or, in modem phrase* 
ology, that the specific beat is the same at all temperatures. He pro- 
posed to call 12 the temperature of boiling water, and zejro that of 
freezing water, and to make mixtures of 1, 2, 3, etc., parts of boiling 
water with 11, 10, 9 parts of freezing water, and by plunging the ther- 
mometers into these mixtures to divide the space from zero to 12 into 
twelve equal parts. In this method two fixed points are used, and the 
subdivisions represent equal proportions of heat. But, notwithstanding 
the excellencies of this method, the Florentine method of equal volumes 
of expansion remained in general use. 
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In 1702 Amontons annoanced the constancy of the boiling-point of 
water, as bad been done before by Newton, Benaldini, and Halley ; 
bat Amontons, like the others, did not actaally use this boiling-point 
in graduating any thermometer, and the constancy of the boiling-point 
of water was not generally credited until redetermined by Fahrenheit 
in 1721. 

The definite adoption of a gradaation like that of Galileo and Sa- 
gredo between two fiducial points^ instead of by Tolurae, is dae to Fahr- 
enheit (b. 1C86, d. 1736). Fahrenheit seems to have begun making ther- 
mometers in 1701, and at first used as his upper limit the temperature 
of the human body, which be called + 90^, as being the assumed highest 
possible natural temperature of the air. while for his lowest point he 
adopted the Florentine zero, or the mixture of salt and ice, as the as- 
sumed lowest natural temperature of the air in Europe, which be called 
— 90<^ ; the mean of these two points he called 0^ on his scale and gave 
it the designation <' temperate." His division of the entire range into 
180^, like the 300^ of Sagredo, was evidently taken from the gradua- 
tions of ordinary circles, and as Fahrenheit was a maker of all forms of 
philosophical apparatus it is possible that he may have had some special 
convenience for dividing a linear distance into 90 or 180 parts. His 
adoption of this special subdivision was in accordance with the custom 
then prevailing, which sanctioned the introduction of national, local, 
and individual peculiarities into the apparatus of the various makers. 
But the important point of difference between Fahrenheit and previous 
makers consists in the fact that he adopted two distinct fiducial points, 
unconsciously following the precedent of Sagredo, so that, although his 
180 subdivisions still represented distinct volumes of expansion, yet 
their precise value in terms of some initial volume was no longer a pre- 
determined matter, but each merely represented the yluth part of the 
expansion of the liquid between the limiting temperatures of the freez- 
ing mixture and of the human body. Fahrenheit's mean temperature 
or zero, must have closely corresponded to 9° CJeut. 

Fahrenheit soon after adopted a second scale in which +12^ repre- 
sented the temperature of the body, —12^ that of snow and ice. In 
1714 he adopted a third scale, namely, -^24^ for the temperature of 
the body, and zero for the lowest temperature observed by him at 
Dantzic in the winter of 1709 ; this latter temperature which he must 
have preserved by means of a standard thermometer, is now known to 
correspond very closely to — 18° Cent. Subsequently Fahrenheit grad- 
uated thermometers on a fourth scale, suggested by Eocmer, the Danish 
astronomer. In this scale, zero was the lowest cold of 1709, and -f 24^ 
the temperature of the human body ; wherefore, -f 8^ must have been 
about the temperature of melting ice. But in this latter scale the de- 
gree spaces were so large that for convenience he subdivided them into 
quarters, and very soon issued thermometers on a fifth system, in which 
these quarters were counted as whole degrees, so that 96^ became the 
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temperature of tbc human body, zero the p^reatest cold of 1709, and 
320 the temperature of melting ice. Througli aU these changes in his 
arbitrary scale divisions, numerations, and fiducial points, it would 
seem that Fahrenheit held fast to his most important idea, namely, 
that of two natural fixed points, one or both of which could be testeil 
at any time if he had reason to suspect a change in his instrument. 

In 1724 Fahrenheit published a communication in the Transactions of 
the Royal Society of London informing the scientific world of still fur- 
ther improvements. He stated that he had long desired to verify Amon- 
tons' assertion as to the constancy of the bbiling-point of water by using 
a mercurial thermometer. In 1721, having made a satisfactory thermom - 
eter of this substance, he found that the boiling-point of water was 
constant at 212^ on the scale, whose lower portion agreed with the indi- 
cations of his spirit thermometer graduated according to his fifth system, 
and whose upper portion was a simple extension of tiiis scale upwards. 
It does not appear that Fahrenheit at any time graduated his mercurial 
thermometers by assuming 32^ as the freezing and 212^ as the boiling 
point of water, but the divisions of the mercurial scale for these read- 
ings were originally transferred from a standard spirit thermometer, 
whose fiducial points were determined at zero and 96o. It is sufficient 
to claim for him the adoption of two fiducial points, and a subdivision 
of their distance into equal parts, as a substitute for the one fixed point 
and the division by equal volumes previously in vogue, thereby making 
possible the construction of accordant thermometers. By the one-poin t 
or volumetric method thermometers containing liquids whoso rates of 
expansion are unequal can agree at one point only of the scale, whereas 
by the two-point method only irregularities in the rate of expansion can 
affect the accordance of the thermometers. The relative ease of manu- 
facture by the method of Fahrenheit was a material advantage, by 
reason of which it gained immediate favor. On account of the reputa- 
tion for accuracy and the convenience as to size of Fahrenheit's mercu- 
rial thermometers they became standards, and other makers copied his 
scale numbers, but instead of adopting his standard temperatures and 
the corresponding fiducial i)oints they, like De PIsle, soon learned to 
adopt the freezing and boiling points of water, partly because of the ease 
with which melting ice and boiling water could be obtained and partly 
because of their confidence in the constancy of these points. 

Fahrenheit also discovered that the apparently irregular variations 
of the boiling-point depended on the barometric pressure; in fact lie 
constructed a thermo-baromefer which could be used like the bj'pso- 
metric thermometers of the present time; the lower portion of this 
instrument was an ordinary thermometer, just .above whose highest 
temperature the bore was enlarged suflQciently to hold the expanded mer- 
cury until a temperature of 200o Fahrenheit was reached ; the bore then 
contracted again to its former dimensions and was so graduated that 
the readings gave inches of barometric pressure on the assumption 
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that the thermometer was then dipped in boiliDg water. Fahrenheit's 
knowledge of the connection between the temperature of boiling water 
and the atmospheric pressure led hinL(in the absence of numerical cor- 
rections) to determine his own boiling-points, or 212o, only when the 
barometric reading (uncorrected for the temperature of the barometer 
and under the gravity at Dantzic) was 28 Paris inches, or 29.84 English 
inches. The boiling-point adopted by Ducrest; corresponds to a press- 
ure of 27 Paris inches 9 lines ; that of Celsius to a pressure of 25 Paris 
inches and 3 lines ^ that of Deluc to 27 Paris inches ; that of Lambert 
to 28 Paris inches ; each of these, therefore, depending as they did upon 
the pressure that was prevailing at their residences, constituted a purely 
local boiling-point ; in each of them the thermometer bulb was supposed 
to be dipped slightly under the surface of boiling water, and no regard 
was had to the fact that is now well recognized, that the boiling-point 
varies with the substance of the vessel that is holding the water. 

In 1724 De I'Isle established in the underground caves of the Paris 
Observatory some thermometers on which he had engraved zero as 
freezing water and 100 as the approximately very constant temperature 
of the cave itself. After his removal (in 1726) to St. Petersburg, and 
before 1736, he adopted mercurial thermometers on which zero repre- 
sented the boiling-point and 150 the freezing-point of water. He, there- 
fore, next after Fahrenheit, adopted mercury as expanding liquid, and 
two fixed points with an intermediate graduation. He must be espe- 
cially credited with the direct adoption of the freezing and boiling 
points of water. His thermometers were extensively used in Kussia. 

In 1730 E6aumur (b. 1683, d. 1757) calibrated his tubes and graduated 
them to the one-thousandth part of the volume of tho liquid, as Newton 
had done before ; he filled the tubes with alcohol and sealed them . He 
found that 1,000 volumes in freezing water became 1,080 in boiling water, 
and like others marked the freezing-point of water as zero. He put 
80 at the highest point reached by his liquid when the thermometer 
was plunged into boiling water, which point w^e now know must have 
corresponded very nearly to the boiling-point of alcohol, but which he 
mistook for the boiling-point of water. He afterwards discovered 
that he had not observed the boiling-point of water, as he had intended 
to do, but the boiling-point of alcohol under the pressure of its own 
vapor. 

In 1732 Nollet persuaded B^aumur to remedy some of the defects of his 
first thermometer by putting zero at the point of melting ice, not that 
of freezing water, and 80^ as the boiling-point of water, thus bringing 
the number 65^ at the temperature of boiling spirit itself. The first 
thermometer made in this way (1732) was still in existence in 1767, and 
gave 9.50 as the temperature of the caves of the observatory at Paris, 
whereas a thermometer made by Il6aumur's first scale had given 10.25^. 
It^aumur himself, when subsequently publishing iiis own meteorolog- 
ical Observations, rejected those made with the thermometers of his first 
manufacture. 
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Thermometers of the E^aam^r scale, as manafactared by him ia Paris, 
were extensively used by continental observers^ one of whom, Delac, of 
Geneva, demonstrated the influepce of altitude by observing the lower 
temperature of boiling water, and, in graduating his thermometers, 
adopted as the upper point the temperature of boiling water under the 
normal pressure of 27.0 Paris or 28.75 English inches of mercury at Ge- 
neva. The adoption of this new boiling-point under the low pressure at 
Geneva introduced a new source of discrepancy and was a step back- 
ward, since the pressures and boiling-points adopted by Fahrenheit, De 
I'Isle and B6aumur had corresponded very closely ; fortunately the dis- 
crepancy introduced by Beluc was diminished by the fact that he boiled 
his water in a copper vessel, which gave him too high a temperature. 

Up to the death of Fahrenheit the thermometers of different makers 
differed as to where the zero should be put and how the degrees should 
be counted, rather than in any fundamental new method introduced in 
their construction. Each maker, in a wholly arbitrary manner, intro- 
duced unnecessary diversities, contributing to the confusion already 
existing, i^nd perpetuated his own name and fame ; undoubtedly many 
who did thus were ignorant of the various scales already existing, while 
others were actuated by national or local pride, personal fancy, or the 
needs of some special investigation. 

After the general recognition of the fact that thermometers with two 
fixed points were simpler and better than those with one, the diversity 
of scales in ordinary use gradually diminished and only a few more were 
added to the systems of Fahrenheit and B^aumur. In 1736 Celsius 
proposed zero for boiling water and 100^ for melting ice, thus avoiding 
plus (+) and minus ( — ) degrees in ordinary temperatures, and used 
this scale in the meteorological observations of the Swedish polar 
expedition. In 1743 a similar thermometer was used by Ghristin, of 
Lyons, and with it meteorological observations were made at Toulouse 
in 1747-1756. 

Linnseus, the celebrated Swedish botanist, states that he first con- 
structed mercurial thermometers, in which he placed zero at freezing 
water and 100 at the boiling-point, but whether this was consciously a 
modification of the numeration used by Celsius, or whether it was sug- 
gested by other considerations, is not stated. The fact remains, how- 
ever, that the modern centigrade scale is due to LinnsBus rather than 
to Celsius. 

In 1766 Lambert proposed to restore the zero of the Florentine ther- 
mometers, namely, the temperature of freezing mixture of ice and salt; 
but this was not generally adopted, and, in fact, since the middle of the 
eighteenth eentdry only three types of thermometer scales have been 
in common use, namely, the B^aumur, Fahrenheit, and Linnaeus (or centi- 
grade), and makers have, since then, universally adopted for ordinary 
thermometers the boiling and freezing points of water as the two natu- 
ral standards of temi)erature. For other thermometers intended to 
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measare remarkably high or low temperatures, other fixed points, such 
as the freezing and boiling points 6f mercnry, have occasionally been 
used. The Meteorological Congress of Kome (1879) recommended that 
the centigrade thermometer of the International Bureau be used in 
connection with the metric system of measures, and the Fahrenheit 
thermometer in connection with the English system. 

The fact that the temperature of boiling water varies appreciably with 
the depth of the bulb in the water was fully investigated by a commit- 
tee of the Royal Society in 1777, who recommended that the bulb and 
stem be immersed in steam only ; the object was to avoid the effect of 
pressure on the boiling-point. The influence of the material of the con- 
taining vessel was first definitely established by Gay-Lussac in 1817,* 
and the rule at present followed, of placing the thermome!;er bulb only 
in the steam above the water, in order to be entirely free from the 
influence of both vessel and water, was first established by Thenard in 
1813, although it was not generally followed until some years after. 

As the temperature of steam from boiling water varies with the baro- 
metric pressure, although it is free from the influence of the containing 
vessel, therefore the so-called boiling-point is now defined as that which 
results from observing in steam under a pressure of one standard atmos- 
phere* This standard atmosphere,, which was formerly a certain height 
of mercury in the barometer uncorrected for temperature, gravity, cap- 
illarity, etc., has been successively more and more accurately defined. 
The Boyal Society committee of 1777 adopted 29.3 inches of mercury 
at 50^ F. at London ; Sir George Shuckburgh (Phil. Trans., 1779) adopted 
30.0 inches at 50^ F. at London. 

The correction for gravity was introduced into hypsometry by La 
Place, and was generally used by geodesists and meteorologists of Eng- 
land and France in the definition of the normal boiling-point, but not 
so generally by physicists; it was, however, officially adopted in 1885 
by the International Bureau of Weights and Measures, according to 
which authority the standard atmosphere is the pressure due to the 
weight of 760 millimeters of mercury at Qo centigrade and under stand- 
ard gravity at 45 lat. and sea level. This corresponds to a pressure of 
759.7462"°* at Eegnault's laboratory, to 759.54™™ at Kew observatory 
and at the Standard's office in London, to 759.49™™ at Cambridge, and to 
759.02™™ at 60o K lat. (Stockholm and St. Petersburg). The tempera- 
tnres of boiling under 760™^ at these places are therefore 100.0093716^^; 
100.016O; 100.018O, and 100.036O, respectively. 



CHAPTER IL 

MODERN THEBMOMETRY-^THE AIR THERMOMETER. 
8. m fBOBUDU OF nBBMOMinT. 

Modem science corroborates the view of Sir Isaac Newton, that heat 
or ^^ caloric," is not a fluid not an im{M>nderable agent, nor a new force, 
bat is the energy due to the internal motions relative to each other of 
the molecules of all solids^liquids, or gases, and that the determination 
of the absolute amount of heat contained in a given mass is simply the 
measurement of the sum total of such molecular energy. Therefore, 
if the molecules could be brought to rest among themselves, the mass 
would possess no heat. Knowing, then, that heat is a form of energy, 
we may dynamically measure a given quantity of it by the number of 
units of work to which it is equivalent The art of measuring quantities 
of heat is termed calorimetry. 

The popular conception of temperature is based on the different sen- 
sations produced by bodies when termed hot, warm, or cold, the hotter 
body being said to have the higher temperature. Thus the tempera* 
ture of a body is the degree of its sensible heat, and thermometry the 
art of its measurement. But the units adopted in thermometry have 
necessarily been based on some of the measurable physical effects of 
heat, rather than on the difference of physiological sensations. Thus 
the phenomena of linear expansion, volumetric expansion, change of 
gaseous elastic pressure, rotation of the plane of polarization, change in 
the index of refraction, change in the electric resistance, have, among 
others, been employed as a measure of temperature. None of these 
phenomena vary exactly in a simple proportion to successive increments 
of heat, but the volumetric expansion of liquids and gases, and the 
change of gaseous pressure, which have been principally used in ther 
mometry, approach closely to a linear relation. The departures from 
this relation have been carefully studied for the differential expansion 
of alcohol, mercury, water, and several gases when contained in glass 
or platinum bulbs. 

The thermometric unit at present temporarily used by the Interna- 
tional Bureau of Weights and Measures is one centigrade degree, or 
the hundredth part of the fractional increase of pressure of a volume of 
pure dry gas originally at a pressure of one standard atmosphere and 
heated from the standard freezing to the standard boiling point of 
water. 
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Sir William Thomsou bas shown that the changes in either volume 
or pressure of an ideal gas would gi v^e an absolute scale of temperature 
which would serve as a true relative measure of absolute amounts of 
heat. On this scale the temperature t is defined by the equation E^zki^ 
in which E is the average kinetic energy per molecule of a perfect gas 
which has that temperature, and h a constant 

A method for converting a unit of temperature on the absolute scale 
into a unit of energy has been proposed by Mr. E. Y. Barton,* accord- 
ing to whom the mean kinetic energy of the molecule of an ideal gas at 
a temperature of 0^ C, or 273 centigrade degrees above the absolute 
zero, may be roughly estimated at 

2.5 X 10 -'s ergs. 

The Bureau of Weights and Measures has stated that their provis- 
ional temperatures with gas thermometers will be reduced to the abso- 
lute thermometric scale when the peculiarities of their gases have been 
satisfactorily determined. 

Thermometry presents three problems: (1) the determination of 
equality of temperature of diiferent bodies at the same time and place; 
(2) of the same body at different times; and (3) the measurement of 
differences of temperature of two bodies at the same or different times 
and places. 

A large part of the difficulties of accurate thermometry consist in 
eliminating the effects of the changes in the thermometers depending 
on the circumstances and the times in which it is used; difficulties that 
have only very recently been satisfactorily overcome. 

The following sections present a brief summary of the present condi- 
tion of researches relating to the errors and methods of mercurial and 
air thermometers; further details will be found in the recent works of 
Marek, Thiesen, Broch, Orunmach, Fernet, Gnillaume, Pickering, Mill, 
etc. 

Until recently it has been customary for meteorologists as well as 
physicists to adopt a normal mercurial thermometer as the standard to 
which, by means of comparison, to reduce any ordinary thermometer used 
in meteorological observations; the comparisons between the two instru- 
ments being made by immersing them in a bath of water. But normal 
mercurials differ among themselves, if made of different kinds of glass, 
and differ from the gas thermometer. In order, therefore, to reduce 
meteorological observations to a standard that represents our present 
knowledge of physics, the International Congress of Meteorologists at 
Bome, in 1879, decided to follow modern physicists in adopting the air 
or gas thermometer as the temporary standard with which to compare all 
.mercurial and spirit thermometers. As soon as practicable the further 
step recommended by Sir William Thomson should also be adopted, and 
the air thermometer bo reduced to the absolute thermo-dynamic scale, 

^"~ •Philosophical Magazine, XXIV, 1887, p. 96. 
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or, as it is sometimes erroneously called, the ideal perfect gas thermom- 
eter, to which hydrogen closely corresponds. 

For meteorological porposes the subject of thermometry may be 
divide^ into the following sections : 

1. The air thermometer and the corrections to reduce it to the ther- 
modynamic or absolute scale. 

2. The normal mercurial and its reductions to the air thermometer. 

3. The ordinary station thermometers and their reduction to a nor? 
mal mercurial thermometer. 

4. The determination of the temperature of the free air at any place 
and time. 

THE AIR THERMOMETER. 
9. DESCRIPTION. 

The air thermometer consists of a quantity of pure dry air inclosed 
in an envelope such that the differential expansion or contraction with 
heat or pressure can be properly observed. The measurement of the 
increase in pressure under a constant volume constitutes the ordinary 
form of air thermometer; the measurement of the increase in volume 
under a constant pressure, although less convenient, has been used 
by Begnault as a control or check, and by Berthelot (Ann. de Cbimic, 
1868) for measuring high temperatures; in the form lately devised by 
Sir William Thomson this may eventually be found most accurate 
and convenient (see § Heat ; Ency. Brit., 9th ed.), but the following 
treatment applies to the ordinary form in which the pressure on the 
inclosed gas varies so as to keep its volume constant. 

This is usually constructed as shown in Fig. 2, where A is the bulb 
full of air ; A, Bj C, i>, a fine tube extending from it and ending at D 
in a broader tube DE; a pointer, P, within or other index mark on the 
tube near D, is so placed that the mercury in DE may be raised up to 
a constant level (shown by its contact with this pointer) by raising or 
lowering or squeezing the flexible pipe EFO^ by which operation the 
mercury is also raised in the upper glass tube OF; the difference of 
level between the mercury at P and indicates the pressure acting at 
P to counteract the elastic pressure of the gas in the space ABOP. If 
the bulb A is warmed, this elastic pressure depresses the mercurial sur- 
face at P, which can be brought back to its standard position only by 
raising the surface ; PDEFGOF constitutes a siphon, by means of 
which the upward pressure at P is the atmospheric pressure at O p>us 
the pressure due to a column of mercury, whose height is the difference 
of level between O and P. If now the bulb and portion of the stem AB 
is dipped in a vase of water, or other liquid, FF, and several mer- 
curial or spirit thermometers are placed therein beside it, and the mass 
of liquid is kept thoroughly stirred, it may be assumed that these ther- 
mometers and the bulb all have the same temperature j if we vary the 
temperature of the water, the expansion or contraction of the air in A 
will necessitate corresponding changes in the level of the sturface O in 
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order to maiDtain the constant level at P. The observations, therefore, 
consist in reading the thermometers in the water; one or two thermom- 
eters for determining the temperatore of the air in BCD ; one or two 
for determining the temperature of the mercury in DEFOO^ and the 
measarement of the difference of level in millimeters between P and 
by means of a vertical graduated scale, or cathetometer. If the ther- 
mometers in VV have been accurately graduated, and if the experi- 
ments be made under the pressure of a standard atdiosphere at sea-level 
and 45 degrees of latitude, and if the differential capillarity of P and 
is allowed for, the thermometers will show zero temperatures when W 
is fall of melting ice, and 100^ when it is full of steam, and the measured 
height, PO^ and the corresponding pressure at P, after applying small 
corrections, will increase proportionally to the temperature of ^. If the 
volume of contained air at the temperature 0^ is 1, then at the temper- 
ature of 100^ it shojild be nearly 1.3670. If, therefore, the volume is to 
be kept constant, the pressure, which was one atmosphere or 760 milli- 
meters,^ must now be increased by the ratio 1.3670, or to 1038.9 milli- 
meters; this increase of pressure of 278.9 millimeters will, therefore, be 
the height of above P when A is immersed in steam. In so far as air 
expands regularly, any other pressure, or the corresponding elevation 
of above P, will represent an exactly proportionate temperature of 
the bulb A and the surrounding liquid ; thus the pressure 829.65 milli- 
meters will correspond to the temperature 25^ centigrade, and the press- 
ure 690.35 millimeters, or a depression of below P, will represent a 
pull, instead of a pressure, at the point P, and correspond to the case 
where A has a temperature —25^. The corresponding readings of mer- 
curial and spirit thermometers immersed in the bath of A will give the 
differences required to correct their indications in order to obtain the 
temperature given by the air thermometer. It is unimportant in what 
way these subsidiary thermometers have been graduated, since the 
application of the corrections thus obtained at once gives us the true 
temperature, the same as if the air thermometer had been directly em- 
ployed. 

10. METHOD OF OBSERVATION AND REDUCTION. 

The bulb and stem of the thermometer (Fig. 2) up to the fixed point 
P are assumed to be full of dry air whose original weight is W and 
tension one atmosphere, and the changes in pressure (p), volume (t^), 
and absolute temperature (T) of this air are assumed to follow the law 
of Boyle and Mariotte, pv=iBWT^ where the constant B is 29.272 in 
the metric system of measures. 

Whenever an observation is to be made the open end of the tube HQ 
is so adjusted that the level of the mercury at D rises to the fixed point 
P. Thus the gas is kept at a constant volume except the slight change 
in volume of bulb by m^ans of a variable pressure, which latter is the 
current barometric pressure plus that corresponding to the height HO. 
Having determined this internal pressure of the. ga(} for two fixed tem- 
peratures, that of freezing and boiling, the observer, so long as he re- 
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taias onchanged tho same aniouiit of air in his bulb, may use this data 
for determining any other temperature by the following formula, as given 
by Grunmach in Metronomische Beitrage, No. 3, Berlin, 1881 : 
Let Y equal the value at Oo O. of the volume of Aft, the bulb and tube 

within the bath. 
T equal any temperature of the preceding volume, F. 
^ equal the volume at 0^ C. of the external tube hBGD. 
t eqiial any temi)erature of the preceding volume, v. 
Ho equal the pressure of the air in the bulb and the tube as it 

would be if all were at the temperature 0^ G. 

H equal the observed pressure of air in the bulb at temperature T. 

a equal the coefficient of cubic expansion of air in volume for l^^' 

C, or 1-lOOth of the whole expansion from freezing to 

boiling point. 

ft equal the coefficient of cubic expansion of t^ie glass of the tube 

and bulb for 1° O. 
W equal the weight of a cubic centimeter of air at 0^ C, and un- 
der a pressure of one atmosphere. 
The weight of the total amount of air which is at a temperature T in 
the bulb and at a temperature t in the tube is 

F(l+,9r)j^^^+tr(l+^t)j-JL^^^ . . . (1) 

The weight of the same air, however, when that iu the bulb is at 
Qo O. and that in the tube at temperature t* is expressed as follows : 

But as the weight is not changed by these changes in temperature, 
it is allowable to equate these two values, and after some transforma- 
tions there results the equation 

and 



<-«-(S7-0"' •'' 



where 



H -H+JH-H+Hy^^ (l+at)(l-;i<) • • • (5) 
and 

The same bulb and air are used unchanged for a long series of de- 
terminations of temperature or comparisons of thermometers so that ^ 
and a are assumed to remain constant. ^ 
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The method of using the air thermometer is as follows : from observa- 
tions when r=po, and, again, when Tz=100^ (namely, at the fixed 
freezing and boiling points), the valne of (a^fi) is to be found from the 
equation !^o. 3, assuming an approximate value of fi. These values are 
then used in equation Ko. 4 to determine the temperature corresponding 
to any other observed pressure H. Intermediate temperatures thus 
determined with the air thermometer are corrected for an assumed uni- 
form expansion of glass with temperature, and its return to the same 
volume at the same temperature at any time. This assumption, how- 
ever, is not true for glass bulbs unless treated in a uniform manner as 
to changes of temperature ; the best method adopted by physicists is as 
follows : (1) Determine (a — fi) from pairs of observations in which the 
freezing-point is determined immediately after the boiling-point; (2) im- 
mediately after determining any temperature, make a new determination 
of Ho, any appreciable change in which is to be interpreted as imx)lying a 
change in the quantity of the air or the volume of the bulb, and necessi- 
tates the redetermination of (a — fi). This method of procedure, which is 
especially necessary in the use of mercurial thermometers, as explained 
hereafter, is important for the air thermometer to a less degree, but 
should not be neglected. The accuracy of the resulting temperature, T, 
depends primarily on the accuracy of a and fi ; assuming the tube and 
bulb to have the same temperature, then the effect, d^ T, of an error of one 

unit in the sixth decimal place in the value of a is given by the formula 

dfCt 
dT=: — ^T which gives the numbers in the following table : 



T 


d T 


o 


o 


— IOC 


i:0.003C 


+ 10 


0.003 


+ 30 


0.008 


+ 50 


0.014 


+ 70 


0.019 


+ 90 


0.025 


+110 


0.030 



The effect of an error of a unit in the sixth place of decimals in the 
value of fi is to change the apparent a—fi or a, which depends upon it, 
and by this means a double influence is exerted upon the ultimate 
temperature, unless the value of a is independently determined; if /? is 
assumed and a — ,? determined from boiling and freezing points, then 
da=h36Gd/3y and the influence on any observed temperature of an error 
in fl is 

T(100-T ) 

^^— l-flOO/T^^ 

This error attains a maximum at 50*^ 0., where it is 0.003^. In case a 
is determined independently, without recourse to the observation of the 
Sia 87, PT 2 3 
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boiling-point as above described, the effect of an error in the valae of 
/? is given by the formula 



'>^-Q^m 



and in this case the effect of an error in fi of one unit in the sixth deci- 
mal place is given in the accompanying table: 



T 


^T 




100.C 
60. 

0. 
--50. 




•fO.038 

-fO.OlO 

.000 

—0.010 



The effect of an error in the determination of JET is given by the 
formnla 

dH 



dT= 



{a-P)Ho 



Thas for ordinary values of a and fi an error of 0J2T^^ in the determina- 
tion of H or Ho will produce an error of 0.1^ 0. A constant error, J If, 
in all pressures inclnding the freezing and boiling points wUl jproduce 
a systematic error, dTy in the determination of other temperatures, as 
given by the formula 

As the air within the bulb has a different temperature from that in 
the farther portion of the tube connecting the bulb with the mercurial 
column, therefore the correction for the external portion becomes im- 
portant, even when. the space is diminished to its smallest practicable 
amount. Thus in the thermometer of the Deutsche Normal Eichungs 
Commission, as given by Grunmach, this correction is equivalent to a 
change in the pressure of— 0.19°»™ when the air temperature is 25^ and 
the observer is determining the freezing-point, and to -f 0.80°^°* when the 
air temperature is 25^ and the observer is determining the boiling- 
point. The right-hand term of equations (5) and (6) contain this cor- 
rection 

from which it will be seen that the correction is diminished by dimin- 
ishing the ratio ^ 

11. THE REDUCTION OF THE AIB THERMOMETER TO ABBOLVTB 8CA1E. 

As already stated, the increase of pressure or volume for ordinary 
gases does not take place with perfect uniformity for equal increments ot 
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beat, and these irregularities increase above the boiling and below the 
freezing point. To correct for this irregularity, Sir William Thomson, 
in 1864, proposed an absolute scaleuwhich should represent the increased 
pressures or volumes of an ideal gas. To preserve as much harmony 
as possible between this absolute and the ordinary centigrade scale, he 
assumed his degrees of the same size as the centigrade and the tempera- 
ture of freezing water to be 273.7^ on the absolute scale ; whence the 
temperature of boiling water becomes 373.7^, within a small fraction of 
a degree. The corrections to the air thermometer for intermediate 
points as originally deduced by him are given in the following table : 



Corrections to redace air thermometers to abaolate 

scale. 


Absolate 
scale. 


Centigrade 
scale. 


Corrections to air ther- 
mometers — 


Of constant 
volame. 


Of constant 
pressure. 


o 
278.7+ 
+ 20 
+ 40 
+ 60 
+ 80 
+100 
+120 
+140 


o 


20 

40 

60 

80 

100 

120 

140 


0.0000 

- .0298 

- .0403 
" .0366 

- .0223 
.0000 

+ .0284 
+ .0615 


0.0000 
" .0404 

- .0477 

- .0467 

- .0277 
.0000 

+ .0339 
+ .0721 



According to Weinstein (Metronomische Beitrage, Berlin, 1881, page 
d2)y the true corrections for the air thermometer are about oue-iialf of 
the above, and the latter conform more nearly to those for a thermom- 
eter filled with dry carbonic gas. He finds that for the dry air ther- 
mometer the observed temperatures (r) are converted into absolute 
temperatures (T) by the formula. 

r=373.4758 (l-f 0.00364071r) ^-^^ 

and concludes that the correction T— r does not exceed 0.02 between 
0^ and 100^, but that the data for its exact determination are not yet 
very satisfactorily known. This formula gives the following values : 



T 


Correction = 
T-(273.476+T). 


T 

60 


Corrections 
T-(273.476+T). 





0.000 


-0.018 


10 


-0.007 


70 


- .015 


20 


- .013 


80 


- .012 


30 


- .016 1 


00 


- .006 


40 


- .018 


100 


0.000 


50 


- .019 







36 



REPOBT OP THE CHIEF SIGNAL OFFICER. 



On account of the carefal investigations that have been made into 
the properties of carbonic acid gas it is possible to more accurately 
reduce to the absolute scale the indications of a thermometer in which 
this gas is used ; for this purpose Weinstein gives the formula 



T=274.060 (l+0.0035913r)/- 
from which the following table is computed : 



01377 



T 


CoiTection= 
T— (27i.0<H-T). 


T 


CoiTection= 
r— (274.08+t). 





0.000 


60 


-0.050 


10 


—0.020 


70 


— .043 


20 


— .034 


80 


— .032 


80 


— .045 


90 


— .018 


40 


— .051 


100 


— .000 


50 


— .053 







The absolute scale has been adopted officially by the International 
Bureau of Weights and Measures and by meteorological conventions as 
the ultimate standard, but authoritative accurate numbers have not yet 
been published, except as above ; therefore, for the present, this correc- 
tion can be stated only approximately as applicable to all current work 
in air thermometry. It would appear, however, that the International 
Bureau has temporarily adopted the hydrogen, instead of the ordinary 
air, thermometer, for which gas the corrections are smaller than those 
for air. The International Bureau has also in progress a study of ther- 
mometers consisting of glass and of platino-iridium bulbs filled with 
pure dry hydrogen, nitrogen, carbonic acid, etc. Systematic diflferences 
between these and between the air thermometers of constant pressure 
and constant volume, show the effects of the nature of each gas, and 
when they are properly elucidated the reduction of the gas thesmome- 
ter will be definitely established. At present the principal information 
on this subject is to the effect that the reduction of hard glass mercurial 
thermometers to the hydrogen and also to the nitrogen gas thermome- 
ter shows a close accordance. The correction to reduce the mercurial 
to the hydrogen has its maximum value at 25"^ C, where it is — O.ll^ C, 
and that for the reduction of the mercurial to the nitrogen thermometer 
has its maximum at 35^ or 40^ C, and is — 0.09^ O. These corrections 
evidently depend almost wholly upon the peculiarities of the glass, so 
that the reduction of either gas thermometer to tbe absolute thermo- 
dynamic scale will be effected by systems of corrections similar to, but 
possibly smaller, than those given for air in the above table. (See Proc^- 
Verbaux Oomit6 International de Poids et Mesures, 1885, pp. 161-165.) 



REPORT OF THE CHIEF SIGNAL OFFICER. 37 

V2. COMPARISON OF INTEBNATtONAL STANDARDS. 

The considerable discrepancies of normal mercarials among them- 
selves and from the air thermometer render it very important to ascer- 
tain what ontfitanding differences, depending partly upon the material 
and partly upon the methods of use, may exist between the mercurial or 
air thermometers used as standards by the meteorological institutions 
and those of the International Bureau of Weights and Measures. As air 
thermometers can not be safely transported with their auxiliary appa- 
ratus, the intercomparison becomes practicable only through the inter, 
vention of normal mercurial thermometers; and the following embraces 
most of what is now accessible to me on this subject : 

The mercurial Baudin Ko. 7832, used by Professor Rowland in his 
thermo-dynamic work, was compared, in 18S2, with two Signal Service 
standards at Baltimore, the result being that the temperatures by the 
Signal Service air thermometers are on the average 0.01^ G. lower than 
those of Professor Bowland's air thermometer. Eight thermometers 
made for the Signal Service were compared in 1884 at the International 
Bureau at Sevres with normal mercurial Tonnelot No. 42G3, whose cor- 
rections to the air thermometer of the International Bureau have, 
however, not yet been applied. On arriving at Washington these 
were compared with the Signal Service mercurial Tonnelot No. 4207 
and No. 61. The mean difference (Sevres —Signal) is zero at Oo C, and 
increases steadily up to — O.OSo O., at temperatures from 20^ to 35^ 0. 
This difference corresponds closely to the ordinary reduction of mer- 
curial to air thermometers. Six thermometers were compared for the 
Signal Service at the Kew Observatory at temperatures from 0° to 
6(K> C, in 1884-'85, and eight thermometers at the temperature of melt- 
ing mercury, or — 37.9^ F. On receipt at Washington these were com- 
pared with the Signal Service mercurials Tonnelot Nos. 4207 and 51, 
from which it resulted that the Signal Service air standard is lower than 
the Kew mercurial standard by quantities increasing uniformly from 
O.OOo, at Oo O. up to O.OJo C, at temperatures from 36o to 50^ O. 
For temperatures below freezing no sensible difference exists between 
the Signal Service and Kew mercurial thermometers for temperatures 
ranging from +32 F. to —38 F.; but for Signal Service and Kew alco- 
hol thermometers, at a temperature of — 38 F., the Signal Service 
standard is 0.6^ F. below the Kew standard. For temperatures above 
freezing, therefore, the Kew mercurial, corrected for reduction to the 
air thermometer, will agree with the Signal Service air standard. 

The relations between the* mercurial normals at the International 
Bureau and the gas thermometers at that institution have not been 
definitely published, but may be inferred approximately from the report 
of the work done by Pernet and Chappuis during 1885. According to 
this the hydrogen and nitrogen gas thermometers give results closely 



38 



REPORT OP THE CHIEF SIGNAL OFFICER. 



accordant ; the special figures for thermometers of varioas kinds of 
glass are as follows : 



Hydrogen 
thermometer 

at Sevres. 

1 


BftadiiiQ654. 


Baadin 7605. 


Tonnelot 
4250. 


AlTergofat 
22883 B. 


o 


o 


o 


o 





e.5 


—0.013 


—0.009 


-0.007 


—0.011 


5 


— .032 


— .020 


— .022 


— .030 


10 


— .046 


— .029 


— .040 


— .050 


15 


— .003 


— .OU 


— .049 


-.082 


20 


— .088 


— .060 


— .073 


— .108 


25 


— .103 


— .062 


— .078 


— .114 


30 


— .095 


-.054- 


— .071 


— .118 



Tonnelot 4207 (of the same glass as Tonnelot 4250), as compared at 
Washington with Signal Service air thermometer, needed the following 
corrections : 



signal Service 
air thermometer. 


Tonnelot 
Ko. 4207. 

o 


o 


0.0 


.00 


5.6 


-.01 


11.1 


.00 


16.1 


-.02 


22.2 


-.05 


25.2 


-.07 


30.1 


-.09 



The agreement of these corrections with those of Tonnelot 4250 shows 
that the Signal Service air thermometers and the Sevres hydrogen ther- 
mometer probably agree within i:O.OI G. 



CHAPTER IIL 

THE MERCURIAL THERMOMETER. 
13. GENERAL PRINCIPLES. 

The mercurial thermometer consists essentially of a thin glass boib 
full of pare mercury, with an attached receptacle containing additional 
mercury^ so that a change in tempe**atare causes a flow oat of or into the 
bolb. This exchange of mercury may be measured by weighing the bulb 
before and after submitting it to changes of temperature, as in the mer- 
curial weight thermometer; or the volume of the expansion or contrac- 
tion may be measured directly, as in the ordinary mercurial stem ther- 
mometer. The former method has been frequently used, notably by 
Begnault in his determination of some of the fundamental data of me- 
teorology. The weight thermometer is not affected by the variable 
errors due to the temperature of the stem of the stem thermometer, and 
it has, therefore, sometimes been assumed as the standard form of mer- 
curial. It is adapted to measurement of temperature in locations where 
the readings of a stem thermometer can not be made, but Its use is more 
laborious than the latter, and it is now rarely employed. 

In both these forms the adopted measure of temperature has gener- 
ally been taken to be not the absolute expansion of the mercury, but 
the differential expansion of the mercury and the glass. But ever since 
the irregularities in the expansion of these substances have been known 
it has been apparent that the resulting temperatures do not represent 
exactly equivalent increments of heat, and, consequently, the absolute 
expansion of air has been adopted as a standard by means of which to 
correct the readings of mercurial thermometers. 

In all mercury*glass thermometers the temperature' is given by the 
relative change of differential volume at freezing, boiling, and any 
other temperature. The general formulae are as follows : 

Let "Fo» ^loot y7 be the volumes of the mercury, and FJ, FiJ,, F' the 
volumes of the glass, at the temperatures 0^, 100^, and IP. Then will 





'?o_i»=the differential expansion firom freezing to boiling; 



100 

100 



XT* y9 

—i—^ — -* =the differential expansion from freezing to IP } 
then the temperature on the centigrade scale will be 

^ t V »^ 100 100/ 
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In order to realize this equation in i)ractice, numerous corrections 
must be applied to the actual observations. 

14. THE NOBMAL MEBCVBIAL WEIGHT THEBMOMETER. 

In this form of thermometer a glass bulb with very short open stem 
is filled with mercury to the top of the opening, while the whole is im- 
mersed in melting ice. The bulb is dried, weighed, and then transferretl 
to the steam of boiling water. After the bulb has attained the boiling 
temperature it is again dried and weighed with its contained mercury. 
Any other temperature is now measured by filling and weighing tlic 
bnlb at the freezing-point, then transferring it to the bath, and again 
weighing when it has attained the temperature which is to be measured. 
The weighing ap2)aratus, namely, the balance, is independent of, and 
unaffected by, the temperature of the bath. 

Let the weighings be TF©, 1^100, TF^ and A the weight of the glass; 

then ,."— .'is the differential expansion from 0° to f^; \y~:^a ^® 
the differential expansion from 0^^ to 100^ ; whence 

THE NOBMAIi MEBOURIAL STEM THERMOMETER. 

15. DESCBXPTIOBT. 

The normal mercurial stem thermometer consists of a stem with capil- 
lary bore ending in a glass bulb containing mercury. A change of tem- 
perature produces a difference in the volumes occupied by the mercury 
and the glass, which is shown by the rise and fall of the mercury in the 
capillary tube. The stem of the thermometer is divided longitudinally, 
or is fastened to a separate divided scale and thus serves as the ap- 
paratus for measuring in standard units the differential volumetric 
change in the mercury and glass. The stem is long enough for both 
freezing and boiling points of water to appear on it. 

Thermometer scales are of two kinds, according as they are made by 
one or the other of the two following processes, (a) and {h)\ 

(a) The stem is first graduated empirically into equal linear parts 
(c. <;., millimeters) j then the uniformity of the volume of the capillary 
tube is tested by calibration, which gives the values of the volumes 
corresponding to the' spaces on the divided stem in terms of a standard 
unit. The scale readings corresponding to the temperatures of boil- 
ing and freezing are then determined, the latter immediately after the 
former, the difference between these readings is the fundamental length ; 
finally each space in the scale is given its value in terms of the hun- 
dredth part of the whole volume of the capillary tube between the 
fiducial points. 
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(b) The second method reverses this process, and proceeds as follows: 
First, the boiling, then the freezing point (and sometimes intermediate 
points determined by comparisons or calibration) are marked on the 
undivided stem ; next the spaces between these points are subdivided 
into the proper number of equal parts, and these graduations are 
extended above and below the fiducial points; finally the tube is cali- 
brated and the outstanding errors of the 0^ and 10(P points are deter- 
mined anew. 

The second method gives corrections limited to small fractions of a 
degree; the first method gives corrections that may have any amount, 
and, in fact, are called conversions of the arbitrary scale. This latter 
method is considered more elegant, but is more troublesome to use, 
because of the resulting large conversions. 

Whichever of these processes is adopted for ordinary thermometers 
the normal mercurial should show the freezing and boiling points; the 
scale should be divided into equal parts throughout, without allowing 
for the minor inequalities of bore; and the upper end of the thermome- 
ter should have a reservoir, called the calibrating chamber, similar to 
the bulb. The use of the mercurial thermometer necessitates the study 
of the following subjects: 

(1) Corrections for parallax and refraction. 

(2) Corrections for errors in scale division and calibration. 

(3) Determination of the boiling-point and freezing-point. 

(4) Determination of the fundamental distance and the value of 

one scale division. 

(5) Corrections for temperature of the scale and stem. 

(0) Corrections for inequalities in expansion of glass and 
mercury. 

(7) Corrections for exterior and interior pressure on the bulb. 

(8) Correction for sluggishness. 

(9) Correction for capillarity. 

(10) Thermal and elastic reaction ; temporary zero point and re- 
sulting temperatures. 

16. COBBECTION FOR PABALL\X AND REFRACTION. 

The thermometer scale when divided on the glass stem is in front of 
the thread of mercury, but when divided on an auxiliary strip of brass 
or enamel it is behind the mercury. In either case the reading of the 
top of the mercurial thread will vary with the direction of the line of 
sight. In Fig. 3, let the normal incidence be Uem, and the line of sight 
I m' m'j let « = «i «2 = one degree on the scale expressed in linear units; 
jet a = «2 wja be the distance of the scale in front of the mercury ex- 
pressed in linear units ; n = the index of refraction of the glass ; ♦ and 
r the angles of incidence and refraction, respectively ; m' the point at 
which the line of sight intersects the scale ; then em* is the linear dis- 
tance by which m appears lower than for normal incidence, and is there- 
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fore the correction to be applied to the apparent temperature read off 
at m^ The diagram gives the relation em'= tan r, which, expressed 



a 



in units of one degree of temperature, becomes r- tan r, where r is to be 



B 



found from the optical relation sin r=- sin f. 



This correction should, of course, be avoided by using only normal in- 
cidence, and where this is impracticable we may, by using nearly normal 
* incidence, avoid the computation of the second equation by using % 

as an approximate valae of r in the expression tan r. But in many 

cases this is not allowable. For a thermometer in which -=1.1 and 
n=1.6 we have the following table : 



t 


r. 


Correotion. 


o 


o / 


o 








0.000 


10 


e li 


0.120 


20 


12 21 


.241 


80 


18 13 


.363 


40 


23 41 


.482 


50 


28 86 


.600 


60 


82 40 


.708 



Instead of a computed correction it is still better in all cases to take 
the mean of two readings, one with the scale on the side towards the 
observer, and the other with it on the opposite side, thus eliminating 
refraction ; another but inferior method consists in reading ^ith the 
eye equally distant above and below the scale division. 



ir. CORBEGTIONS FOB EBROBS OF THE SCALE. 

(a) Errors in scale division, — If the maker has famished the thermom- 
eter with a divided scale, any errors in the subdivisions will introdncc 
corresponding errors in the observed temperature. An examination of 
any ordinary thermometer will disclose errors of this kind. The general 
method (used by the International Bureau of Weights and Measures) of 
determining these errors in the subdivision of any scale is given in 
Chapter VIII of this work. 

In thermometry, however, the determination of the corrections for 
the errors in the subdivisions of the scale is usually combined with the 
determination of the corrections due to the irregularities of the bore. 

{h) Calibration. — The glass tubes used in thermometers can not be 
made exactly cylindricaU and therefore a given length of tube represents 
different volumes at different parts of the scale. For good thermome- 
ters tubes are selected whose caliber varies but slightly and in a fairly 
uniform manner ; this is determined by placing a short column of mer- 
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cuTjj at saccessive positions, in the tube and measaring the variations 
of length which it undergoes. If tubes thus selected be graduated 
between any reference points, such as the freezing and boiling points, 
into any number of equidistant parts, and the graduations be extended 
to portions of the tube beyond these points, the interior capacities at 
any part of the bore may be expressed in'divisions of this scale by ap- 
plying to every graduation line of the scale small corrections, called 
calibration corrections. Kumerous methods for determining these have 
been devised, the first being due to Kewton. The method of Gay- 
Lussac is now in general use; of its various modifications that by 
Hansen is presented by Broch, as follows : 

Calibration corrections (considered as including the corrections for 
errors in scale division) are determined by comparing between them- 
selves the interior capacities of the tabe in the same manner as one 
determines the corrections of a divided scale. To compare these interior 
volumes among themselves a thread of mercury, which very nearly 
coincides with the volume to be compared, is separated in the stem of the 
thermometer from the remainder of the column. The excess (positive 
or negative) of the length of this thread over the interval between the 
graduation marks is then measured. The temperature of the mercurial 
thread should remain unchanged during the series of measures made 
upon it. 

Let Xft and x^ be the calibration correction at any scale divisions, 
h and i and L the coiTected length of the column of mercury 3 that is 
to say, the length which ib would have had if the tube were exactly 
cylindrical. Disposing this column between the two scale divisions, 
i and Jc^ let i+M and Jc-h^Jc be the observed readings of the extremi- 
ties of the column, where Ji and Jk are small quantities expressed in 
divisions of the scale. We shall have then 

and placing X=L-^{Jc^i) we shall have 

A,+j7,-a:j^=(J&-Jt)+(a?,^a?,+A,)-(a?A-a?»+A») 

In a first approximation we may assume that the calibration correc- 
tions at the points i+Ji and Jc+/lh are equal to those of the neighbor- 
ing points i and %, and the preceding equation reduces to 

From all the equations of this type given by the observations the 
values of the first approximations to the corrections x are deduced. 

In a second approximation the values of Jkj Ji=a are corrected by 
adding (x<— a?4+^<)— (a?* — iPjk+A»)> calculated by using the first approxima- 
tion. The whole calculation is then to be repeated with the corrected 
values of a. 
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For good thermometer tabes the corrections obtained in the second 
approximation are negligible, bat in accarate work and for the best 
thermometers the repetition of the computation is necessary. The fol- 
lowing example, illnstrative of the method of computation, is taken from 
an actual calibration made by the International Bureau of Weights and 
Measures in 1885: 

The calibration was performed by first dividing the scale from (P to 
10(P into 5 parts, and so finding the calibration errors for the points 2(P<, 
4fPy 60O, and 80°. Having found the corrections for these points, each 
of these twenty-degree divisions is subdivided in 5 subdivisions, and 
the calibration corrections found for every 4P by an identical process. 
The example of the calculation of the first calibration in 5 parts of 2<P 
each is here givem. The quantities given by direct observation are 
JJc and Ji. The differences of the means of six readings of /Jk and Ji 
give the numbers for X^+Xi — X2j etc., as found in Table I. The columns 
contain successively the observations with columns of mercury of 20o, 
4(P, 6(P, and 80° in length. The five successive lines in the computa- 
tion represent the observations when the left-hand end of the mercury 
column is in approximate contaot with the successive scale divisions 
(P=xiy 20o=j?a, 40o=ar3, 6(>o=j?4, and 80o=X6. The unit is the ten- 
thousandth of a degree. 

Table I. — Ohaervation'equationB and calculation of a and 2. 





n=5 


r,=2 


5 


24=2jV? 






X,=20o+A, 


Ii»= 


=400-+^, 


. 


i,=80o+A, 


L4 = 


:80O+A, 


XB-\-Xi-Xt=-h 82 
+«,-a;3=-17C3 
+rr-«4=-1754 
-f«4-a:g=- 179 
+«8-«.=+1108 


A4+C1- 
+*t- 
+««- 

+»4- 


-«,-— 735 
-aJ4=-2550 
-«.= - 978 
-«g=+1948 




^rf«i-*4=- 737 

+«,-«» 1028 

+«i-fl^=+1934 


Ai+tr 
+^- 


-»i=-434 
-fl5(=+675 


Sam, «fi=-2148 
DiviMor, 5 




•4= -2315 
4 


t 


«,=+ie9 

3 




«t=+241 
2 


2^*=- 979 




2j=-1157 




23^=+113 




2^=+241 


5.= - 979 




+251 
24= -916 











^H 



REPORT OF THE CHIEF SIGNAL OFFICER. 



45 



Table II,— Calculatkk of t 



Xy Xt 


^ 


*4 


9^1 


«6 


4- 83 -1765 


-1754 


- 179 


-}-n6« 





-735 -2550 


- 978 


41948 


4- 434 


- 675 


-737 -1028 


4-1934 


4- 737 


41028 


-1934 


-434 4- 075 


4- 735 


4-2530 


4- 978 


-1948 


- 82 


fl7fl5 


4-1754 


4- 179 


-1168 


-1824 -4750 


4-1702 


4-6810 


-1-3787 


-5725 


ti h 


h 


k 


«• 


k 


Check. 




Check. 




I,= - 1824 


4#,=+ 964 




-f«i= 


- 9120 


t,= - 4750 


3«j-4- 507 




4-3ea- 


-14250 


«,=4- 1702 


2»«= 


4G30 


4- <,=4- 1702 




f4=4- 6810 


»8= 


2448 


- «4 = 


- 68t0 


«,= f 3787 


+ 1471- 


7078 


-3<.= 


- 11361 


f,= - 5725 


— 


6607 


-5t«= 4-28625 




4-12299-12299 




2 

11214 


+30327- 


-41541 
-11214 


— 



Taole III. — CalcuXation of S and P. 



i8i=(rl-«i 


6P.=fi,4-2X 






Ss=tt+tt 


6P.=5.-»-2X 






S^^tr^ 


eP4=84+2X 








P,=0 2Z=- 


• 

-fi«=4-7549 






X= 


4-3775 




««4-<i 


tr¥k 




«44-<« 




-5725 


4-3787 




4- 6810 




-1824 


-4750 




4- 1702 




-7549 


- 963 

-4-7549 
6)4-8586 
4-1098 
P» 




4- 8512 

4-7549 

6) 4-16001 

4- 2077 






Check: PrfP4=4-3775=X 
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Tabls IT.-^CainOatiM •fDmmdSL 



Ih-U-H 



U^-Hlh-Ih-^i} 



Ba «<D«-i>l-l4i 



-3r» 



- 


3797 


1 


47jO 


+ 


8637 


r 


3801 


■K 


«79 


6) f 13417 



+ 



— 419 



Tabu V.— ruIcMlaiio* «/ g. 



^-0 



0..ft.^Vlr-i.3^- 



1 *.-i>— ^^i^^r^^— «♦- 



=+l2M 



TjkALJt Ti,— r«;r«i««i#« ♦/ *. 



r. . r»— ^v 



^— * 



* _ _ 

* - _ 



r- - 



IV.5. r^: 
# • 

^SW —113* 



C 
t 



':!.*- i. ir^X=-477? 



" . K ^ TH. — Tfl'-TTiItfiw** <»f :^ 



i-- ~ 




V 


_ - i;4.«mr.= -:?iT7 


*^^ 


» 


M» : -• 


V- 


V- 


'<. = - J*-:i4^^=--3^.c: 


lb--- 


us: 


fc- . «■- 


V- 


V 


- r.'—ss*'*-- 7> 


A«— - 


91 


W« i r 


t 




. >4* = -1'4^ 


A*= 


•" 
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Cal. Obs. G.-0. 


Cal. Obs. C.-O. 


CaL Obs. C.-O. 


Cal. Obs. 


C.-O. 


4- 79 4- 82 — 3 


- 729 - 735 -1-6 


_ 747 - 737 -10 


-428 -434 


+6 


-1768 -1705 — 3 


-2557 -2550 -7 


-1015 -1028 +13 


+670 +675 


-5 


-1749 -1754 + 5 


- 978 - 978 


4-1930 +1934 - 4 






- 180 — 179 -10 


+1048 +1046 








+1177 4-llM 4- 










The 8 


uTo of the squares of the residual errors \»\A^ 


]-653 




r=0.87449/\/ ^^^gs ±7 or ±0.0007^ 

• 



Tlie calibration correctioDS are, therefore, as follows : 



Scale 
readings. 


Calibration 
corrections. 


oC. 


OC. 





0.0000 


20 


-^.0569 


40 


+0.0709 


60 


+0.1068 


80 


+0.1667 


100 


0.0000 



In the above example the bore was of unasual regularity. 

The following table gives, by way of illustration, the calibration and 
scale division corrections of the thermometer, Tonnelot No. 51, as 
determined at Washington by Prof. Thomas Bussell. Colamus of 5^, 
lOo, .... 9500. in length were used, and the computations re- 
peated for a second approximation according to Thiesen's method: 



Scale 
readings. 


Calibration 
corrections. 


Scale 
readings. 


Calibration 
oorrectioDS. 


OC. 


OC. 


OC. 


OC. 





0.000 


55 


—0.556 


5 


-0.104 


60 


-0.672 


10 


-0.134 


65 


—0.658 


15 


—0.173 


70 


—0.553 


20 


—0.250 


75 


—0. 528 


25 


-4). 321 


80 


—0. 471 


30 


-0.380 


85 


—0.883 


35 


—0.428 


00 


—0.281 


40 


-0.164 


95 


—0.154 


45 


—0.491 


100 


—0.000 


50 


-0.522 


1 
1 





The probable error of one of these corrections is not greater than 

±0.0020 c. 

The glass tubes, like glass bulbs, are liable to a permanent change of 
dimensions, depending on the temperature to which the glass has been 
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sabjected. Tlicrefore the calibration should be repeated at intervals ut' 
a few years. 

The corrections above given are expressed in terms of the average 
length of one scale division, and the scale readings, as well as the cali- 
bration corrections, can not be converted into thermometric degrees 
antil the valae of a scale division has been determined. The above 
calibration corrections are based on the assumption that the standanl 
value of one division of the scale is ji^ of the total- volume between 
certain limiting divisions; but these limiting divisions may be either 
at the extremities of the scale, or at any other intermediate position. 
In the latter case the successive- calibration measurements with each 
mercurial thread may be extended above and below, so that the rela- 
tive value of each part of the scale becomes known in terms of one 
standard portion of the tube. The conversion into thermometric de- 
grees can be effected as soon as it is known how much of the calibrated 
portion of the tube is occupied by the expansion of the mercury from 
the freezing to the boiling temperature. This portion of the tube is 
called the fundamental length. 

18. DETKBMIKATtON OF THE B0IU1IG-P0I5T. 

(a) The boiling-point of pure water is determined by means of an 
apparatus which allows of hanging the thermometer entirely within a 
double casing, so that the whole is surrounded by steam of uniform 
temperature. The scale divisions are read either through a glass win- 
dow or by allowing them to project above the double casing into a 
glass tube also full of steam. The thermometer bulb hangs a little 
^bove the surface of the boiling water, and therefore gives the tempera- 
ture of the vapor, which may differ largely from that of the liquid, A 
vent is provided for the free escape of the steam from the outer cas- 
ing, and a delicate manometer, with which to measure any difference 
of pressure between the steam within the apparatus and the air with- 
out. The external pressure is determined by the barometer, and the 
pressure of the steam is obtained by adding the manometer reading. 
The water should boil until its steam has expelled all air from the inner 
casing. The barometer and manometer should be read before and after 
the boiling-point is observed. If the reading of the boiling-point be 
made when the thermometer has reached its highest reading, and the 
boiling be continued for a long time, the mercury will be observed to 
fall slowly. This is due to a gradual change in the capacity of the 
bulb; the lowest point reached is that which is desired, and is called 
the depressed boiling-point. In order to expedite his observation of 
the depressed boiling-point the observer should then make a determina- 
tion of the freezing-point, and immediately after a new determination 
of the boiling-point. Apparently the rapid alternations of temperature 
facilitate the molecular changes of the glass. When two successive 
determinations agree it is probable that the permanent depressed boil- 
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iog-point has been attained. In order to diminiBh the very appreciable 
conduction of heat from the thermometer to the sarrounding air the 
thermometer must be wholly immersed in steam at 100^ G.; if the ap- 
paratus does not allow this then the observer should secure uniformity 
by performing all determinations in a room whose temperature is from 
6o to 120 0. 

(b) The effect of pressure an the temperature of boiling water. — The 
observed temperature of steam depends upon the barometric pressure 
existing at that moment at the surface of the boiling water. Therefore, 
the standard boiling-point under a pressure of one standard atmosphere 
is obtained by reducing the actual observations according to the relation 
between the temperature and pressure of vapor as experimentally de- 
termined by Begnault and Magnus. The International Bureau of 
Weights and Measures has published a table containing Broch's reduc- 
tions of Regnault's observations, in which the standard boiling-point is 
that corresponding to the pressure of a column of 760™°* of mercury 
at Qo 0., and under the normal gravity at 45^ latitude and sea level. 
In reducing observations of the boiling-point this table is to be entered 
with the external barometric pressure plus the pressure given by the 
manometer, all reduced to normal gravity, as the argument; the re- 
sulting temperatures are in <^ normal degrees." The following is an 
extract tlierefrom : 



PrMsnre. 


Temperature 
of steam. 

1 


Preasore. 


Temperature 
of Mteam. 




oC. 1 


OC. 


750 


90.6310 1 


760 


100.0000 


751 


.6081 1 


701 


.0367 


752 


. 7051 1 


762 


.0733 


753 


. 7421 1 


763 


.1099 


754 


.7791 ! 


764 


.1465 


755 


.8160 j 


765 


.1830 


766 


. 8529 


766 


.2194 


757 


.8897 


1 767 


.2559 


758 


.9265 


1 768 


.2023 


759 


09.9633 1 

1 
1 


769 


100.3286 



The correction for gravity implies that all instrumental errors in the 
barometer have been corrected for. 

Example. — At latitude 52° and altitude 150 feet the observed pressure 
of the vapor surrounding the tbermometer is 757.0"", and the observed 
temperature of the steam is 99.90^ ; reduce the observed pressure to 
standard gravity, and with this corrected pressure, 757.6"", the preced- 
ing table gives 99.9Io for the correct boiling-point under the prevailing 
pressure; whence the thermometer reads O.Olo too low. This correction, 
+0.01, strictly holds good for the scale reading 99.9o. 

The standard pressure of the atmosphere adopted formerly by Bird 
Troughton and other makers, who used the English system of Fahren- 
Sia 87, PT 2 4 
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belt degrees^ was 30 inches of mercury at 62^ F. nnder gravity at 
Loudou, which is 29.905 inches of mercary at 32^ F. at London, which 
becomes 29.924 auder standard gravity; that adopted by Clarke in 
his standards of length coincided with the International Bnrean, and 
that adopted by Welshe for Kew was 760™=29.922, at 32° F,, under 
gravity at Kew, or 760.46™°* under normal gravity, for which the nor- 
mal boiling-point is IOO.OI6O; that adopted by Begaaultfor his centi- 
grade thermometer was 760°»°>, at latitude 48° 50* 14", and altitude 60°»°» 
above sea level. 

The degrees observed on these various systems therefore require a 
slight correction to reduce to normal degrees of the scale of the Inter- 
national Bureau of Weights and Measures. Thus, if ^ be a Begnault 
temperature and T a corresponding normal temperature, the relation 
as given by Broch is 

T=fX 1.000093176 * 

This is deduced from the following considerations, u «., 760™"* at 46^ 
latitude becomes 759.7462 at 48^ 50^ 14". A diminution of pressure 
of 0.2538™ diminishes the boiling-point 0.0093176© C, or 0.000093176 
of the whole fundamental length. 

(c) Influence of pressure on the bulb at the temperature of boiling. — Not 
only does the atmospheric pressure affect the temperature of boiling 
but it also exerts a small influence on the bulb, whose glass is subjected 
to the interior hydrostatic pressure of the contained mercury and to 
the exterior pressure of the atmosphere. The effect of these internal 
and external pressures will be considered in a subsequent section. It 
is sufficient to note here that, for accurate thermometry, the boiling 
point should be determined with the thermometer horizontal as well as 
vertical, in order to have a direct measure of the effect of internal press* 
ure, which is a minimum when the thermometer is horizontal. 

19. DETEBHINATIOK OF TRB FBEEZtXO-POINT. 

(a) Method of operation. — ^The normal freezing-point (or the zero of the 
international centigrade scale) is the temperature at which ice from 
distilled water melts under the standard atmospheric pressure. It is de- 
termined by placing a thermometer in a vessel of melting ice. The ice 
may be in the shape of freshly fallen snow or small chips or shavings 
of Ice made from pure water, or very small pieces. The purity of the 
ice and water is important^ as a slight mixture of salts, acids, or alkalies 
sensibly alters the freezing-point. It is important that the resulting 
water should flow freely over the bulb. The stem of the thermometer 
should be immersed in ice and water to a distance far enough above 
the freezing-point to annul any conduction of heat. As the glass bulb 
oools more rapidly than the larger mass of mercury within it the mer- 
curial column may rise momentarily, but will then fall rapidly ; in a few 
minutes the column will attain a minimum called the depressed freez- 
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ing-point, or the zero that obtains for the thermometer in the condition 
of its bnlb just before immersion in the freezing mixture. This is called 
the temporary zero, or Z^] if the thermometer has just come from a bath 
of boiling water the depressed freezing-point will be that for the tem- 
perature of boiling water, or Zi^ If the thermometer is retained in the 
cooling mixture for some time the reading slowly increases, and in the 
course of from one to four days attains a point known as the raised zero 
point, or zero relive. This slow rise is due to a corresponding slow con- 
traction of the glass bulb, and can be hastened if the thermometer is 
warmed up and cooled slowly several times ; a rapid cooling seems to 
produce a more rigid setting of the exterior layers of the molecules of 
the bnlb, as in the similar case of steel tempered by being plunged in 
cold water. 

(6) Depressed and temporary zero points, — If the thermometer is taken 
out of the freezing mixture immediately after reaching the depressed 
zero point and kept at ordinary air temperature for a long time, say from 
six to twenty -four months, it will also contract and show a higher read- 
ing. If the depressed zero point is then determined it will be found 
to differ but little from the above-described raised zero point, and is 
known as the secular zero point, or the zero of long repose. These 
slow changes in the zero point, due to slow residual contractions in the 
glass bulb, take place more rapidly during the first few minutes after 
the thermometer is placed in the freezing mixture. They also take^place 
more slowly and to a less extent the higher the temperature at which 
the bulb is maintained; thus a thermometer kept at the boiling-point 
would not perceptibly change its zero from the original value of Zi^ 

If the thermometer has been originally heated to some temperature 
lower than that of boiling water the corresponding depressed freezing- 
point for that temperature {Z^ will differ from that found for boiling 
water ; in general, the zero is lower the higher the temperature to which 
the bulb was exposed immediately before placing it in the freezing mixt- 
ure. The temporary zero of a thermometer, therefore, depends upon 
the highest temperature to which it has recently been exposed and upon 
the time that has elapsed since that exposure. Therefore, after any 
observation of temperature has been made the proper zero of the ther- 
mometer must be determined either by calculations based upon previ- 
ous studies of this thermometer, or still better by immediately making 
a direct determination of the actual freezing-point. The former method 
is that adapted to ordinary meteorological work where the zero point 
can be directly determined only at stated intervals. The formula for 
computing the temporary zero will be given in a future section. 

For accurate thermometry the depressed zero corresponding to any 
temperature must be observed immediately after the measurement at 
that temperature ; and as this observation must be repeated very fre- 
quently it is best that the freezing mixture be not merely a packing of 
the snow and ice about the thermometer, as is still very commonly used, 
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bat rather a thoroughly-stirred mixture of about one part water and 
five parts of slowly-melting ice. The rapid stirring facilitates the rapid 
cooling of the bulb. The bulb and stem should be gently cooled for 
one or two minutes before plunging: into the cold bath. The depressed 
zero should be obtained by taking numerous readings just before and 
after the minimum is reached, from which the true minimum can be de- 
duced by some graphic process. The work of observation is easily 
completed in five or ten minutes after immersing the bulb, and requires 
quick dexterity on the part of the observer. It has been shown by 
Pernet that when determined in this way the depressed zero for any 
temperature varies as the square of the temperature above 0^ C, so 
that, if not observed directly, the zero may be computed very approxi- 
mately by the formula 

2r, = Zo — ( Zo — Ziqq) joQa 

where Zioo is the depressed zero, determined just after heating to the 
boiling-point. Zo is the zero of long repose or its equivalent, the zero 
relive. 

(c) The effect of temperature of the room, — Tl^e observed freezing-point 
is found to depend slightly on the temperature of the room. It varies 
by 0.01^ C. for temperatures of the surrounding air that are as high as 
150 or '200 C. This is probably the general result of conduction of heat 
down the stem, and can be absolutely annulled only by determining 
the freezing-point when the surrounding temperatures are near zero; 
but if there be uniformity in respect to the temperature of the room 
the resulting error will be nearly constant for all observations. The cu8» 
torn of the International Bureau is to make the determinations of zero 
when the temperature of the room is from 60 to 12o C. 

(d) The effect of pressure on the temperature of melting ice. — Theory 
and observation show that an increase of pressure lowers the tempera- 
ture at which ice melts. This effect is barely appreciable in very deli- 
cate work. The standard freezing-point to , under a pressure of one 
atmosphere, is obtained from the observed temparature t„ of the freez- 
ing-point under the pressure of n atmospheres by the formula 

/o=/„+0.0073oC(n-l) 

(e) Infltiefice of pressure on the bulb at temperature of freezing. ^As 

the hydrostatic pressure of the vertical column of mercury in the bore, 
although small, has a perceptible influence on the bulb, it is neces- 
sary to determine this by methods to be hereafter given. For the 
present it is only necessary to say that the freezing-point should be 
determined for both vertical and horizontal positions of the thermom- 
eter in order to obtain the data necessary for the pressure correction. 
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3a. THE METHOD OF COMPUTING TEMPERATURES. 

(a) Fundamental distance, — In the early forms of the stem thermom- 
eter each diyision represented a simple aliquot part, say 0.0001, of the 
volume of the liqaid at iP. In the modern forms a degree was at first 
considered to represent an aliquot part of the distance between the fixed 
points corresponding to the boiling and freezing temperatures. A more 
exact study, as indicated in the last two articles, has shown that these 
points themselves vary independently of each other, depending on time, 
temperature, the treatment of the thermometers, and the nature of the 
glass. The changes are largely in the glass of the bulb, yet they may 
be due in part to changes in the bore of the tube, especially when, as 
shown by Pernet (Travaux et M6moires, T. IV), the lower part of the 
stem has alone been frequently heated. It has been shown, however, 
that the depressed boiling-point and the corresponding depressed freez- 
ing-point, determined within an hour after the boiling, show a great de- 
gree of constancy, especially when alternate observations of each are 
made, in order to determine the maximum depressions. Guillaume 
states that the fundamental distances determined according to these 
rules can be relied upon in the mean of several observations to 0.002O 0. ; 
Pernet finds the fundamental distance from a single determination reli- 
able to 0.02^, and Orunmach finds that for a thermometer made of the 
best glass the individual determinations can be relied upon to 0:01^. 

Based upon these considerations, the distance between the depressed 
boiling-point and the depressed freezing-point corresponding thereto is 
adopted as the constant and definite length or fundamental distance 
for the purpose of ascertaining the thermometric value of each division 
of the scale. The constancy of the fundamental distance thus deter- 
mined has been demonstrated by Guillaume (Travaux et M6moires,Tome 
V, page 67), who finds that for hard glass the observed variations are 
really smaller than the errors of observation. 

It is interesting to note that in the centigrade mercury-glass ther- 
mometer lo corresponds to about ^-^ of the volume of the bulb at 
zero instead of the fraction -^ or r^hn^j as adopted by the physicists 
of the seventeenth and eighteenth centuries. 

{b) Transformation of scale readings into temperatures, — Very impor- 
tant irregular differences have for a long time existed in the methods 
of passing from scale readings to degrees, and equally in the passage 
from degrees to temperatures. These methods have been revised by 
Pernet in view of the laws just stated with regard to the changes in 
the fundamental points. He shows that the following is decidedly 
the most rational and best method of calculating temperatures. It 
is substantially that now adopted by the International Bureau. Let 
X be the scale reading for the temperature t; z, the depressed zero, 
determined immediately after observing the scale reading x] 8^ 
the depressed boiling-point, determined immediately after z^; Zm the 
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depressed zero point, determined immediately after observing 8100; 

then will JP=/Sioo— -^loo be the fundamental distance, and ^ the valne of 
one scale degree in centigrade degrees. The temperature t will there- 
fore be given by the following formula: 

OlOO — "^100 

This method requires that ^(, £fioo, and Zioo be successively deter- 
mined immediat'Cly atlter any important observation of temperature; but 
when extreme accuracy is not demanded the fundamental distance, and 
consequently the value of a scale division, may be assumed constant, 
as known from previous determinations, and only the value of Zt need 
be determined. Even this latter may be approximately computed by 
the formula subsequently given. 

The other methods of computing f, as used by Berthelot, Henrici, 
Oettingen, Eechnagel, Munr*ke, and others, are based upon assumptions 
as to the changes in the fundamental points, or on the determination of 
these points before the observation of the temperature a?, and have 
been shown by Fernet to introduce discrepancies amounting to 0.2^ C, 
whereas different thermometers, used according to the above method 
and formula, give results agreeing to within a few hundredths of a 
degree. Thus, by taking for the fundamental interval the distance be- 
tween the depressed fixed points, and by applying to any thermometric 
reading the correction for the actual or temporary zero corresponding 
to the moment of observation Fernet has made the first step toward a 
standard method of measuring temperatures with the mercurial ther- 
mometer. 

91. CORRECTIONS FOR TBMPERATVBB OF ftCALE AND STEM. 

When a stem -graduated thermometer is wholly immersed in a liquid, 
or, as in meteorological observations, in the air, the whole stem and 
bulb may be supposed to be at a uniform temperature; but when the 
bulb only is immersed in the liquid, or when the thermometer has a 
metallic scale (usually fastened to the stem at the upper end), the stem, 
the scale, and the capillary column of mercury may have a very different 
temperature from that of the bulb. This is obviously the case with wet- 
bulb, dew-point, and solar radiation thermometers. The thermometer 
corrections obtained by comparisons with a standard when immersed 
in a bath of water, therefore, need to be supplemented by additional 
cx)rrection8, reducing an observed height of the mercurial column to 
that which would have been read off were the temperature of the scale 
and stem and capillary column uniform with that of the bulb. These 
corrections were applied so long ago as 1777 by the committee on 
thermometry of the Jioyal Society of London (see Fhil. Trans., 1777, 
LXVII, p. 816). 
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(a) Corrections for temperature of brass scale. — If the temperature of 
the scale is higher than that of the balb, the scale is pushed downward 
by expansion from its upper fixed end, and the reading is therefore too 
high. Let r be the reading corresponding to the fixed pointy tz be the 
temperature of the scale; t be the correct temperature of the bulb and 
mercury up to the lowest division tq corresponding to the reading at 
the lowest point to which the scale extends; ^(^=0.0000183= the co- 
efficient of linear expansion of brass ; then this correction will be given 
by the expression (r^t)id • (ta— *), and is subtractive. 

(6) Correction for temperature of glass stem in thermometers toitk brass 
scales, — If the temperature of the glass stem is higher than that of the 
bulb the bulb and mercury in it are pushed downward on the divided 
brass scale by the linear expansion of the stem from the fixed point r. 
Let ^ be the temperature of the glass stem between r and the upper 
end of the mercurial column; ti the temperature of the glass stem from 
the upper end of the mercurial column to n; y9=:0.000025, the coefficient 
of volumetric expansion of glass. The upper portion of the stem, whose 
length is r— -^, has an excess of temperature t^^tj the correction for 
which may be called Bi; the lower portion of the stem, whose length is 
f— To, has an excess of temperature fi— f, the correction for which is B2. 
The total correction, Bi+Bi^ is additive, and is given by the expression 

«i+-B2=iy5[(fe-0 (r^t)+{ti^t) (^-To)] 

(c) Correction for temperature of capillary column. — The upper end of 
the column of mercury has approximately the temperature ^1, while the 
lower end has the temperature of the bulb t. Its average temperature, 
t^j may be determined by the laws of conduction of heat, but will be 
approximately the mean of these two. If t^ is warmer than t the vol- 
ume of the mercurial column will therefore be increased above its proper 
volume by the quantity (t—ro)y{t^^t)ay where ;/=0.00013 is the 
coefficient of cubic expansion of mercury, and a is the volume of 
one degree of the capillary tube. The volume of the capillary tube 
is also larger than its value at the temperature t by the quantity 
(*— To)/? . (t„'~t)a. The excess of the former over the latter of these 
two expressions divided by a gives the quantity expressed in scale 
degrees, by which the reading is too high. Therefore the correction is 
given by the expression 

ir-/3){t-To){t^'-t) 

and is subtractive. For y^/3 the approximate value 0.000155 may be 
used. If t^^t is negative the correction becomes an additive number. 
The preceding corrections are presented in the following tables, in order 
that the reader may appreciate the necessity of avoiding them or of es- 
timating their magnitude for such cases as may possibly arise in meteor- 
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ological experience, especially in observations of the dew point and 
wet balb. Detailed tables are given in Landolt and Bomstein ; Physi- 
kalisch-Chemische Tabellen, Berlin, 1883, bat special tables for any ther- 
mometer shoald be based on direct measares made with it : 



A. — Correction far temperature of hraee soale. 

Correction =^{r^t)iHU~t) 
AMoming £=0.000055 







£i-l 


1 
1 


T-t 


— 


— 


- 




80° C. 


40^0. 


20OC. 


OC. , 


o 


o 





lUO 


-0. 176 


-0. 117 


-0.050 , 


140 , 


-0.154 


-0. 102 


-0. 051 


120 1 


-0. 132 


-0.088 


-0.044 


100 


-0. no 


-0. 0*3 


-0.037 


80 


-0.0H8 


r-0. 050 


-0.029 


60 


-0.066 


-O.OU 


-0.022 


40 


-0. 044 


-0.029 


-0.015 ' 


20 


-0. 022 


-0. 015 


-0.007 





-0.6 


- 0.0 


-0.0 




_. 







For Fahrenheit thermometers the above corrections become numeri- 
cally larger than the tabular figures in the ratio f . The magnitude of 
this correction shows the necessity for the steady progress that has 
been made toward the adoption of stem-graduated thermometers. 



Bi.^Correction for the temperature of the upper portion of glass stem. 

Correctioii = ±( r — t)iP{ t^ — t) 
Anfiaming ^ = .000025. 
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T — 1 












40° C. 


3QCC. 


20OC. 


lOOC. 
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100 


0.033 


0.025 


0.017 


0.008 


80 


.026 


.020 


.013 


.007 


60 


.020 


.015 


.010 


.005 


40 


.013 


.010 


.007 


.003 


20 


.007 


.005 


.003 


.002 



Bs. — OorreeUon/or the temp&rcUure of the lower part of the stem. 
Correction =+(/—- ro)i/3( <i — - 

» 

This can be taken from the above table for B| by oaing t — To and 
tx — < as armaments. 
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C. — Correction for temperature of capillary ooli^mn of the lower portion of the stem. 

Correction == — ( y — ^)( t — ro)( (m — for mercurial thermometers. 

Assuming x-^ =0.00015. 



t-TO 




tm-t 




+4onj. 


+20° C. 


-20 C. 


OC. 





o 


o 


100 


-0.600 


-0.300 


+d.300 


80 


-0.480 


-0.240 


+0.240 


60 


-0.360 


-0.180 


+0.180 


40 


-0.240 


-0.120 


+0.120 


20 


-0.120 


-0.060 


+0.060 

1 



For alcohol thermometers y— /? becomes e— >^, where f, the coefficient 
of expansion of alcohol, is 0.00105; for ether thermometers the factor 
is //— >^, where 77, the coefficient of expansion of ether, is 0.00150. In 
these cases we have approximately t— y^=.0010, and 77— /J=0.0015. 
The corrections therefore are respectively seven and ten times as large 
for alcohol and ether thermometers as the figures given in the above 
table. 

The above values of y, /?, £, and r/ are average values. Their precise 
values in any case can be known only by special determinations of the 
coefficients of expansion of the materials actually employed. This has 
only rarely been performed ; thus in a class of thermometers studied 
by Thorpe he found ;/— y^=0.000143, instead of the value above as- 
sumed. 

(d) Determination of the temperature of the lower portion of the stem 
in stemgradvLated th^ermometers. — ^The evaluation of the correction O re- 
quires the determination of ^1, the mean temperature of that portion of 
the stem containing the mercurial column. The usual approximate 
method for obtaining ti is to assume that when the bulb only is im- 
mersed in a bath the temperature changes uniformly from t at the 
bottom to t^ or the surrounding air temperature at the top of the stem, 
whence 



^1= 



t+t. 



But this quantity is sometimes needed with greater accuracy, and it can 
be determined more nearly in accordance with the law of the conduction 
of heat in long glass stems. Let I be the length of the protruding stem 
up to the top of the mercury column ; v, the number of scale degrees in 

I 
a unit's length; n=- , the number of degrees in the length I; /?, the 

ihP 
coefficient of expansion of glass; a=^^ , quantities depending on 

the conductivity and emissivity of the glass; t^ the temperature of the 
bath; r,, the temperature of the stem at the top of the mercury column; 
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f , the scale reading at the top of the mercury column. Then the 
laws of conduction of heat give 

7 (^-0 = r.-f. (1) 

Again, the uniform change of temperature along I gives 

t^i'=nlS{t^T.) (2) 

The coefficient ^ in (1) may be determined experimentally for any 

special thermometer by using two auxiliary thermometers for obtain- 
ing the temperatures of the bath and of the air, t and t^y while the 
thermometer under examination is so placed that it shall have the, 
largest practicable value otn and of f— f.. For this case, therefore, f 
f^, and t are known, and the remaining unknown quantities in (1) and 

(2) are r, and - • By eliminating between (1) and (2) we obtain 

Of 

y_ t- V ^„ 

— is thus determiued once for all for the special thermometer, and the 
a 

values of t,, as given by the formula 

n 

may be tabulated for convenience in use. 

{e) The Poggendorff correction. — In the stem thermometer the changes 
in the volume of the liquid are measured in the capillary tube. But the 
capillary tube by expansion and contraction at different temperatures 
undergoes variations in capacity, whence it results that the differential 
expansion of the bulb and its contained mercury is measured by a vari- 
able standard. Ordinarily the bulb and stem both have the tempera- 
ture of the air or liquid. A correction, therefore, needs to be applied 
to reduce the readings to what would have been given by a tube main- 
tained at a standard temperature, while the bulb only has the tempera- 
ture that is to be measured. This correction is called the Poggendorff 
correction from the name of the phj'sicist who first applied it in 182C; 
its neglect has given rise to discrepancies in the determination of fun- 
damental meteorological data; the equivalent of this correction is always 
introduced into the reduction of observations with air thermometers. 
The correction may be determined for mercurial thermometers either 
instrumen tally, by comparisons with an air thermometer, or by direct 
numerical comi>utation. 
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The formula for compating the correction is obtained as follows : 
Let F=volame of merciiry at 0^ C. ; this- is the same as that of the 
bulb and tube up to the freezing-point when at the temper- 
ature of (P C. 
17=: volume of tube from the freezing to the boiling-points when 

at the temperature 0° 0. 
)5=coefficient of cubical expansion of glass. 
y=coefficient of expansion of mercury. 
T=thermometer reading when the true temperature is t. 
Then since at any temperature the volume of the bulb and of the 
stem up to the top of the mercury column is equal to the volume of the 
contained mercury, we have the equation 

V{l+pt)+v{l+fit)j^=V(l+yt) . . . . (1) 

For fr^lOO ; T also equals 100, being a fiducial point of the ther- 
mometer, and the equation becomes 

F(l+/9.100)+r(l-f/9.100)=F(l+r.lOO) ... (2) 

Eliminating Fand v between (1) and (2) 

1+/9. t ^ ^ f-lOO 

^- ^ • 1+/3 . 100 ^^ ^"" ^-^ 1+fit^ 

The corrections above given, ABC, give the temperature that 
would be observed with stem and scale at the same temperature as the 
bulb. The Poggendorff correction reduces this to the temperature 
that would be given by a thermometer whose stem is maintained at a 
uniform standard temperature of 100^, since at this temi>erature the 
stem has the volume that determined the standard fundamental length* 
This correction is given in the following table for the extreme values 
of J3 that may occur in practice : 





Poggendor£f correction. 
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P=0. 000020 


/3=0. 000030 




OC. 


OC. 


-40 


+0. 112 


+0.168 


-30 


0.078 


0.117 


-20 


0.048 


0.072 


-10 


+0.022 


+0.033 





0.000 


0.000 


+ 10 


~0. 018 


-0. 027 


20 


0. 032 


0.048 


30 


0.042 


0.063 


40 


0.049 


<^.072 


50 


0. 051 


0.075 


60 


0.049 


0.ft72 


70 


0.042 


0.OC3 


80 ' 


0.033 


0.048 


90 ; 


-0. 010 


-0. 027 


-{-100 


±0.000 


:fO.OCO j 

1 
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99. 0OBBB0TION8 FOB IBBEGULABinES IFT THB BIPANSION OF GLASS AND MEBCVBT. 

The Poggendorff correction pertains only to an error in the capacity 
of the measaring apparatus, namely, the capillary tube. Bat since 
glass and mercury do not expand with perfect nniformity, the quantity 
to be measured^ namely, the differential expansion of the bulb and its 
contained mercury does not bear an exact linear relation to the tem- 
perature. Tbe quantitative effect of the irregularities in expansion 
must, therefore, be determined in the use of either the mercurial weight 
or the mercurial stem thermometer. 

If in equations (1) and (2) of the preceding section for the stem ther- 
mometer we substitute for /3 and y^ ft^ and y^^ the mean coefficients of 
expansion between 0<^ and t^j the volumes of the mercury at tP and lOQo 
will be respectively 

F(l+f;/,)and F(I+100;/ioo) 

the volumes of the bulb and stem up to the freezing-point when at tern- 
atures t^ and KXP will be 

7(1 + ^,5,) and r(l+100Aoo) 
respectively. The volumes of the stem above the freezing-point will be 

^(^ + ^100 ^°^ «1l+lOO^ioo) 
at P and lOO^, respectively. Hence we have 

F(l + 100,5ioo)+r(l-l-100,Sioa)= r(l+100y,oo) 
Eliminating Fand v there results 

The first factor of this equation is, as before, the Poggendorff correc. 
tion ; the second factor takes account of irregularities in expansion. 

The laws of expansion have been carefully investigated for pure mer- 
cury and for glass bars, but the actual direct determination of the ex- 
pansion of the thin uuannealed glass bulbs of thermometers is still a 
desideratum. There is reason to believe that appreciable, systematic^ 
and irregular variations exist therein other than those known«to exist 
in glass rods. These must be investigated by studying an existing 
thermometer without injuring it, and without subjecting it to a variable 
internal or external pressure. 

In place of direct meiisures Von Oettingen and Kechnagel have com* 
puted the combined Poggendorff and expansion corrections on the as- 
sumption that the laws of expansion for ordinary glass hold good for 



REPORT OP THE CHIEF SIGNAL OFFICER. 



61 



thermometer bulbs, and that (3^ and y^ vary with the first, second, and 
third powers of the temperature. The following table, computed by 
the above formula for T, using the accepted formula for variable expan- 
sion, as indicated by the tabulated values of/?, and y^y gives the result- 
ing corrections for various parts of the scale : 

Combined correction for capacity (Poggendorff correction) and irregular expansion. 




10 
20 
30 
40 
50 
60 
70 
80 
90 
100 



fit 


y. 


t-T , 






oc. 


0. 00002531 


0.00018028 


0.000 


2554 


18038 


-0.085 


2577 


18047 


-0. U7 


2600 


18057 


-0. 186 


2623 


18068 


-0. 207 


2646 


18070 


-0. 207 


2660 


18091 


-0.189 


2692 


18104 


-0.154 


2715 


18119 


-0. Ill , 


2738 


18.35 


-0.058 ' 


2761 


18153 


0.000 1 



If the above corrections do not suffice to convert temperatures by the 
normal mercurial into temperatures observed simultaneously with the 
normal air thermometer it is reasonable to assume that the outstand- 
ing discrepancies may be accounted for by supposing that these are 
due to slight errors in the adopted coefficients for the expansion of 
glass, since the expansion of mercury is certainly very accurately known ; 
this method of treating the outstanding differences between the air 
thermometer and a normal mercurial has been followed by Prof. Thomas 
BusselL He finds that the mercurial, Tonnelot No. 4207, can be made 
to agree with the air thermometer by assuming the coefficient of cubical 
expansion of the glass bulb to be 

/?=0.000 026+0.000 000 021 859/+0.000 000 000 099 512t^ 

This value is sufficiently near to the best formula for the expansion 
of glass bars to show that the special expansion of the glass bulb will 
probably, in all cases, explain the outstanding differences between nor- 
mal mercurial and air thermometers. 

In conclusion, it is evident that any normal mercurial can in general 
be accurately reduced to the standard air thermometer only by means 
of direct comparisons between them, and that, in the absence of these, 
the temperatures given by the mercurial must be unreliable to the ex- 
tent indicated by the variations in the corrections above given. 

The magnitude of the c5ombined correction for capacity (Poggendorff) 
and irregular expansion is illustrated by the following system of correc- 
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tions obtained by Professor Bussell for thermometers made of different 
kinds of glass: 



Tempera- 
ture. 


French crystal glass. 


Special new glass. 


Bandln, 
R704. 

op. 


Bandln, 
»70S. 


Green, 
7375. 

op. 


Green, 
7376. 


op. 


op. 


OF. 


-38 
-S8 


—0.49 
-0.39 


-0.43 
-0.35 






+0.23 


40.26 


—18 


-0.31 


—0.28 


+0.15 


+0.20 


— 8 


—0.24 


—0.22 


0.00 


+0.11 


+ 2 


—0.17 


—0.15 


+0.03 


+0.06 


12 


—0.11 


—0.10 


—0.03 


+0.C2 


22 


—0.05 


-0.05 


0.08 


—0.05 


32 


.0.00 


O.GO 


O.fO 


0.00 


42 


+0.16 


+0.13 


+0.02 


+0.05 


52 


+0.20 


+0.13 


0.09 


+0.10 


02 


+0.27 


+0.20 


0.06 


+0.06 


72 


+0.29 


+ 0.23 


0.05 


+0.05 


82 


+0.29 


+0.22 


03 


+0,02 


02 


+0.83 


+0.27 


0.03 


—0.01 , 


102 


+0.27 


+0.22 


0.02 


—0.06 


112 


+0.30 


+0.21 


0.02 


—0.06 ; 


+122 


+0.24 


+0. 22 


0.08 


—0.08 



The close similarity between the corrections for balbs of the same kind 
of glass confirms the conclasion of European physicists that glasses of 
different chemical composition have different coefficients of expansion, 
and that to this is partly due the outstanding differences in normal 
mercurial thermometers. 

93. COBBEGTION FOB FBE88UBE ON THE BULB AND FOB TEBTICALITT OF STEM. 

A mercurial thermometer gives different readings according as the 
stem is vertical or horizontal, the readings being higher in the latter 
case. Apparently the difference is due principally to the effect of the 
heavy mercury in distorting the shape of the thin glass bulb. If the 
vertical be adopted as the standard position the correction may be ex. 
pressed as being very nearly the difference between the vertical and 
horizontal readings multiplied by the sine of the inclination of the ther- 
mometer. It does not exactly follow this or any other simple law, but 
depends upon individual peculiarities in the bulbs. A table for this 
correction may be prepared by determining the correction for several 
inclinations to the vertical and interpolating by some graphic process. 
When possible this source of error should be avoided by keeping the 
thermometer strictly vertical, but as it is sometimes necessary to tip 
one in order to get good illumination or to avoid parallax, therefore 
a careful consideration of this correction has been made. 

The distension of the delicate glass bulb varies with the hydrostatic 
pressure to which it is subjected. This pressure may be external or 
internal. The internal pressure both compresses the mercury and ex- 
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pands the glass bulb ; the external pressure compresses the glass bulb. 
The former depends apon the vertical height of the column of mercury 
in the tube, and upon the capillary resistance which increases the 
pi^ssure of rising columns and diminishes the pressure of falling col- 
umns. No precise results have been yet attained by means of which to 
separately correct for the variations of capillary pressure within the 
thermometer tube. These variations, however, can become appreciable 
in tubes of very small bores, and for this reason such are to be avoided. 
According to Guillaume the coefficient of pressure for the thermometer 
bulb is a quantity which, multiplied by the pressure exerted on the 
bulb, gives the correction to be applied to the observed temperature to 
reduce to what would have been observed under standard pressure of 
one atmosphere internally and externally. The usual units are a centi- 
grade degree for temperature and a millimeter of mercury under stand- 
ard gravity for pressure. 

According as the pressure is internal or external fi^ and p, are used 
to indicate the coefficients of pressure. Since /9<, as above stated, is 
equal to /?, plus the compressibility of mercury, therefore these two co- 
efficients are connected by the following relation : 

where Xm ^nd x^ designate the coefficients of cubic compressibility of 
mercury and glass, and £ is a factor for converting a unit volume into 
a unit of the thermometer scale, Xm^XtJ ^^^ /9« can be determined with 
great accuracy by actual experiment on the thermometer. 

(a) External pressure. — ^To determine /9, the thermometer is inclosed 
in the short leg of a flexible siphon tube filled with mercury, and is 
subjected to pressures varying from zero to any desired limit by raising 
and lowering the free end of the siphon. In order to maintain a con- 
stant temperature the siphon is placed in a bath of water. The obser- 
vations should always be made with a rising column in order to avoid 
changes in capillarity. The following table illustrates the amount of 
this pressure correction, for a few high-class thermometers. One- 
tenth of the numbers given in the last column are the values of /?,, ac- 
cording to the preceding definition. The effect of a pressure of 0.6 of 
an atmosphere is about that experienced at the highest meteorological 
stations : 



Heroarlal thermometer descrip- 
tion. 


Scale. 

1 


Riae of thermometer for an increase in 
preaaore of— 


One atmos- 
phere. 


0.6 of atmos- 
phere. 


10— 


Tonnalot, 4207 (cylindrical) 

Tonnelot, 2587 (cylindrical) 

Bandin, 9704 (cylindrical) 

Green, 1084 (sDherical) 


Cent. 
Fahr. 
Fahr. 
Fahr. 


0.0912 C. 
.1370 F. 
.3420 F. 
.8876 F. 


o 

0.055 C. 

.082 F. 

.205 F. 
0.283 F. 


o 

0.0013 C. 

.0018 F. 

.0045 F. 
0.0051 F. 
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Exterual pressure generally affects cylindrical bulbs less than spher- 
ical, because the glass of the former is thicker. 

In general the correction is given by the expression — (p— i>o)A» 
where /9, is the rise in thermometric reading for unit change of pressure 
and po the standard pressure adopted as the zero of reference. The 
large values of /9. above given, for delicate normal thermometers, show 
that ordinary station thermometers may experience an appreciable 
cbange when carried to high stations. 

When thermometers are used for the determination of the tempera- 
ture of liquid baths, and especially when comparisons are made with 
the air thermometer, the pressure of the external liquid on the bulb 
should be allowed for. This is also necessary in determining the tem- 
peratures of the waters of rivers and harbors. In determining the 
temperature of greater depths at sea it is customary to avoid this cor- 
rection by surrounding the bulb by some device that will counteract 
the great pressure of the ocean, although the sensitiveness of the ther- 
mometer is greatly impaired thereby. 

Spirit thermometers and air thermometers have larger bores for the 
same size of bulbs than mercurials, and their indications are therefore 
proportionately less affected by pressure. The correction for pressure 
sensibly affects all thermometric work with ordinary thermometers at 
high stations, except in the few cases where the fiducial points have 
been determined under the prevailing low pressure current at the 
station. 

The effect of external pressure on the bulb is modified by whatever 
aff'ects the elasticity of the glass, and as this diminishes with tempera- 
ture a slight increase in the pressure effect with an increase of tem- 
perature has been found ; but for ordinary ranges of temperature and 
pressure in meteorological work this is insensible. For accurate phj'si- 
cal work Ouillaume finds that the coefficient /?« increases slightly with 
temperature, so that its value becomes 

(/U=A(l+0-00016f») 

(6) Internal pressure. — In order to determine /S<, the coefficient of in- 
ternal pressure, Guillaume made direct experiments upon several hun- 
dred thermometers. His results confirmed the value of fit computed 
directly from the observations made by Decamps and Amaury. These 
latter observations gave Guillaume the relation 

JS:(;^«-;r.)= +0.0000154 

which substituted in the preceding formula gives for the correction to 
the thermometric reading due to an increase ofp millimeters in inter- 
nal pressure 

-h(i9,-t-0.0000154) .p 

This correction, in so far as it depends on the hydrostatic pressure p 
of the capillary column, will vary with its height in millimeters, or 
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with the temperature (i. e., with 1+Kt)^ and with the inclination of the 
tube to the vertical (i. «., sin d); in fact^ the principal part of the cor- 
rection is determined directly when we compare a thermometer in its hor- 
izontal and vertical positions. Gnillaame states that the determination 
of the boiling-point with the thermometer placed alternately horizontal 
and vertical gives the best check on the computation of /9,. 

Pernet (Travaux et M6moires, t IV) gived /?.=+0.000194 to 384 and 
fit=z +0.000195 to 377 as the extremes for six delicate Baudin thermom- 
eters. 

The corrections for internal and external pressure may, finally, be 
expressed as follows: 

=A • i>.(l+0.000160+(A+0.(K)00154) (l+Kt) sin 6 

■ 

where is the inclination of the tube to the vertical and K the length 
of 1^ on the scale expressed in millimeters. 

Any differences in the elastic properties of different kinds of glass 
will cause differences in their records depending on pressures as distinct 
from peculiarities depending on the temperature of the glass. This point 
has been investigated by Guillaume and Tornoe in Paris, whose results 
with regard to '^elastic reaction'' agree with the results of the similar 
work on " thermal reaction " done by the German physicists. This latter 
work, as summarized by Wiedemann, shows that thermometers of the 
same chemical composition, whether of soft glass (crystal) or hard glass 
{verredur)y ^ve identical results among themselves, but that those of 
hard glass, between 0° and 100°, give lower readings than those of soft 
glass. Finally, the differences between hard and soft glass can, in gen- 
eralj be represented by a simple formula which, with varying constants, 
will apply to glass of any composition. This formula for the two types 
of glass generally used in France, and investigated by Guillaume, is as 
follows: 

Let ta be the temperature given by a thermometer of the glass " verre- 
dur," whose composition is silica, 71.5; aluminum, 1.6; lime, 14.5; 
sodium, 10.8; let t^ be the temperature given by a thermometer of the 
glass "crystal," whose composition is silica, 60.7; oxide of lead, 15.1; 
aluminum, 0.9; lime, 5.4; sodium, 10.6; potash, 6.6; then will the differ- 
ences in the indications of thermometers made of these kinds of glass be 



*e-^d=^(100-«) (14.126-0.0311010 



— « 



Thus, by considering the peculiarities duo to the composition of the 
glass, results are obtained demonstrating that the temperatures given 
by mercurial thermometers, far from being subject to numerous anom- 
alies, such as many have imagined, really follow very simple laws, 
whose form is as above prescribed. 

sxa 67, FT 
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It Will thus become passible to convert the earlier physical measure- 
ments into the modem standard whenever we know the composition of 
the glass of their thermometers and the manner in which they have 
themselves taken aecoant of the variations of the zero. 

94. COBRKCTION FOR CAPILiABITT. 

Capillarity is a phenomenon of surface tension. When a liquid, a 
gas, and a glass are in contact at any point there is a triplet of tensions, 
the resultant of which, if not neutral, tends either to draw the liquid to- 
wards the glass or to repel the liquid from the glass; in the former 
case the glass is said to be wetted by the liquid. The contact of clean 
glass with water or alcohol is an example of the first case, and that of 
glass with mercury is an example of the second case. In an open 
capillary tube, or between two plane surfaces at capillary distances, 
the surface tension is sufficient to support or depress a column of liquid 
to an appreciable amount above or below its level, as determined by 
gravity or other forces. For tubes the height of this column is inversely 
proportional to their radius. 

The angle between the surface of the liquid and the glass is called 
the angle of capillarity. This angle is frequently stated in physical 
text-books to be constant for any given combination of substances. It 
is known, however, that the angle varies with the slightest change in the 
condition of the surfaces, and with the temperature. In computing 
this correction it is consequently necessary that direct measures be 
made for each thermometer. 

The fundamental relations involved in the evaluation of the capillary 
corrections are given in the following analysis : 
Let /=area of section of a tube standing in a basin of liquid. 
«=weight of unit volume of the liquid. 

^=height which the bottom point of meniscus attains above the 
position of the level surface outside the tube and determined 
by other forces; A is positive or negative according as the 
capillarity makes the surface concave, as in .alcohol, or 
convex, as in mercurial thermometers. 
fw= weight of liquid meniscus above its bottom surface. 
g=upward (or downward) pressure per unit of area in the bore, 

due to the resultant surface tension. 
6'=capillary angle between the tube and liquid. 
Then the laws of hydrostatics give 

8fh+m=qf . . .' (1) 

In very narrow bores m may be neglected in comparison with «/A, 
in which case 

s 
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If p and pi are respectively the smallest aud largest radius of curva- 
tare of the meDiscus iu au oval bore, and £ is a coustant depending ou 
th€i liquidy the laws of surface tension give 

1 ^ 

If r and ri be the radii of the tube corresponding to p and pi, and » 
be the measured height of the meniscus, then (see Fig. 4) 

p^=r2+(p-t)^ Pi2=ri2+(pi-t)» 

2p<=r2+f« 2pit=ri2+i» 

1 1 '^._^i_ 

If 6 be measured instead of i we have 

p=zr sec 6 ^ Pi=n sec ^ 

whence 

1.1 / 1 . 1 



P Pi V^ rj 



In a circular bore r=ri and p=pi, whence 

11^ 4i ^2cos^ 
P Pi f^-^i^ r 

Therefore for narrow elliptical bores 

, JT/ 1 , 1 \ 

and for circular sections 

, H cos 6 H 2i 2 

8 r 8 7^+i^ 

The approximate values of if, «, and 6 being known, the value of ^ 
may be computed: f^ is obtained by direct measures. H may be de- 
termined, as by Poseuille, by observing directly the pressure required 
to force mercury through a capillary tube, for which case 6 becomes 0, 

and II^rh8=rgy q being expressed in millimeters of mercury. The 

jj 
faetor — may be termed the cai^illary coustant and is usually repre- 

8 

sented by the symbol a^. For this constant Bravais has used the value 

rr 

a*= —=6.528 in computing his tables, which give ,the capillary correc- 

8 

JT 

tlon for observed values of ft Delcros has used the value — =6.5278 

8 

in his table, which has been republished in the Smithsonian Tables, 
and which gives the correction when r and i are known. For a mercu- 
rial thermometer whose bore is 0.10 millimeter in diameter, and for a 
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a meniscas whose lieigbt is 1=0.05°''°, there results /i=6.52dx20= 
130.56°*"*, or the downward pressure due to capillarity is about one- 
sixth of an atmosphere. % 

The pressure thus computed as experienced by the rising thread of 
mercury is to be added to the weight of the vertical menmrial column 
to obtain the total internal pressure acting on the bulb. Tolthe 
formula of article 23, therefore, must be appended an additional term 
containing A correction for capillary pressure. This term will be 
simply 

AA=/i(i5.+0.000154) 

In an extreme case this total effect has been found to amount to 
0.150 C; it always tends to diminish the readings. When the capillary 
column is rising and the meniscus full this pressure on the bulb is a 
maximum, and for good tubes is nearly uniform, and the correction to 
the reading is additive ; but when the column is falling the meniscus 
flattens and the capillary x)ressure diminishes. When all temperatures 
have been uniformly observed with rising columns the results are free 
from both total and differential capillary effects. 

If the frictional resistance of the tube to the flow of mercury is at 
any point equal to the hydrostatic minus the total capillary pressure, 
a falling mercurial thread, will break at that point, and the observa- 
tions must stop unless the mercury can be driven down by a blow from 
the outside. Such a break is intentionally effected in various forms 
of self-registering or mercurial maximum thermometers, and is liable 
to occur when not desired in ordinary thermometers. 

The molecular condition of the surface of the bore is subject to con- 
siderable change, depending upon its own temperature and also upon 
the deposit of mercurial oxides, and partly upon the supposed disen- 
gagement by heat of gases adhering to its sides. To obviate this latter 
as far as possible pure mercury should be used, and the tube should 
be heated before filling sufficiently to expel the adhering air, or, the Ail- 
ing may be conducted in a vacuum, as in Wild's process for barometers. 

Corrections for the effect of variable capillary pressure are to be ap- 
plied also to the readings of the manometer and the barometer used in 
the boiling apparatus, and to those used with the air thermometer. 

A direct determination of the differential correction for capillary 
pressure with rising and falling columns can be made at any point Of 
the scale in the following way : 

Let any stationary temperature be determined with the mercury column 
falling and again with the column rising } the difference in the two read- 
ings is approximately twice the correction. It is evident that when in 
a bath of variable temperature the thermometer changes from a rising 
to a falling column; an actual change of temperature in the bulb to the 
extent of twice the differential capillary correction will have taken 
place before the coluihn begins to fall, owing to the fact that the expan- 
sion of the bulb, due to the change in pressure, is balanced by the 
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expansion in mercury, due to change in temperature. This failure to 
indicate the change of temperature is similar to the dead motion of a 
micrometer screw. 

Guillaume has determined the rate of change in temperature of the 
bath necessary, in order to cause the meniscus to change from least to 
maximum convexity; for his standard mercurial it was about 0.005° 0. 
per minute; he also found that in determining the boiling-point with 
rising or full and falling or flat meniscus a difference of 0.04° 0. existed 
(see Travaux et M^moires, Tome V, 1886). 

Pernet (Trav. et M6m., lY) states that for tubes of 0.03™°» diameter 
the"** dead space'' or lost record of temperature may amount to 0.07o O. 

In order to avoid this source of error thermometer tubes should be 
of a» large bore as possible. The use of a narrow flat bore should be 
avoided in a normal thermometer, as its meniscus is apt to have an ir- 
regular curvature. 

95. COBREOTIOK FOB SLVGdlSHNESS. 

The thermometer gives the temperature of the outside surface of its 
bulb only when the whole mass of the thermometer has a uniform 
temperature. Owing to the slow conduction of heat through glass aud 
mercury aud the resistance to the ascent of the mercury in the stem 
of the thermometer, as well as to the fact that conduction proceeds 
more slowly in proportion as the inner temperature of the thermometer 
approaches that of its surface and the next outer layer of substance, 
it follows that when the initial temperature of the thermometer is dif- 
ferent from that of the liquid in which it is immersed an appreciable 
time is required to attain complete equality between the thermometer 
and the adjacent layer of particles. If the temperature of this layer 
varies with the time, then the surface of the thermometer is continually 
endeavoring to attain the same temperature, but lags always behind it. 
The whole retardation due to internal aud external causes is called the 
sluggishness or want of sensitiveness of the thermometer. 

If by the rapid circulation of external fluid the external surface of 
the thermometer is kept at a constant temperature, to which^the interior 
soon attains, then the retardation is due to sluggishness proper as a 
purely instrumental defect, which is measured by the time required by 
the whole interior mass of the thermometer to attain a temperature 
uniform with that of its external surface. This time depends princi- 
pally on the interior conductivity of the thermometric substance. But 
if the particles of a liquid surrounding the thermometer be supposed 
absolutely quiet the time required by the thermometer to attain a tem- 
perature uniform with them will differ from that required when the 
liquid is in motion, and the temperature which it attains will also be 
different by an amount depending not only on the sluggishness proper 
of the thermometer but also on the conduction and convection of hesht 
by the liquid. 
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Three cases may therefore be considered : (1) That in which the sur- 
face of the thermometer is kept at a uniform temperature, usually by 
rapid convection j (2) that in which the surface has a varying temper- 
ature, due to the fact that the convection is not sufficient to keep the 
surface at a uniform steady temperature j (3) that in which the surface 
has a varying temperature, due to the fact that convection iscontiunally 
bringing forward particles of liquid of different temperature. 

In the first case any difference between the temperature as read off 
and the surface of the bulb is due to internal sluggishness proper. This 
is essentially the case of a thermometer dipped into a bath of water 
which is rapidly stirred. The second case is exemplified when the«ur- 
face temperature of the thermometer is different from that of a mass of 
still air in which it is suddenly placed. By the warming or cooling of 
the adjacent layer of air gentle vertical convection currents arise, 
which gradually diminish the difference of temperature between the 
surface and the surrounding air, but are not at any time adequate to 
keep the surface at the uniform steady temperature of the mass of air. 
The third case is that of a thermometer exposed, as in ordinary meteoro- 
logical observations to air currents of varying temperatures. 

(a) In the first case the laws of the conduction of heat, if known with 
perfect accuracy, would give directly the time required by a solid bulb 
to attain throughout a temperature uniform with that of the surface; 
but the computation has not been effected for liquid bulbs, within which 
convection currents may exist; to such convection currents is attributed 
the observed greater sensitiveness of thermometer bulbs over solids of • 
the same dimensions. Cylindrical bulbs, notwithstanding their thick 
glass walls and greater mass of mercury, are decidedly more sensitive 
than spherical bulbs. This is to be attributed both to their shape <and 
to the increased facility with which convection currents are set up. 
The combined effect of interior conduction and convection, when the 
exterior interchange of heat between the outer surface of the thermom- 
eter and the adjacent water is supposed to be so perfect as to maintain 
the surface of the bulb at uniform temperature, may be represented as 

follows : 

Let u be the excess of temperature at the time dj let Mq be the ex- 
cess when ^=0, and let e be the Napierian base, then tt=Woe-*»^ The 
coefficient A?i represents the total internal sluggishness, and is to be 
determined by observing the rate of cooling of the thermometer when 
transferred from a temperature <o=T+Wo to a very rapidly stirred 
bath of water at a temperature T. 

(h) In the second case the internal sluggishness proper is combined 
with convection currents that must vary with the roughness of the 
bulb, with the mobility of the air, and especially with the difference of 
temperature between the bulb and the air. An approximate experi- 
mental investigation of this case, where the temperature of the surface 
is varying under self induced convection, was made by Dr. Qyldfen 
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and myself in 18G5, at Poulkova, in connection with questions in mete- 
orology and atmospheric refraction (see Bulletin Imperial Acad., St. 
Petersburg, X, page 462, 186G). The thermometers used by Mr. Ham- 
mon in his balloon observations for the Signal Service in 1885 were also 
carefully investigated in this respect. 
The features of this case are presented in the following analysis : 
The air temperature T is a function of the time 9, so that we may 
place T=:/(6^). 

The temperature shown by the thermometer may be expressed as 
t= T+Xy and for small bodies Fourier's laws of heat give for small values 
of a? 

dx 

d0=-^ (2) 

where X; is a coefficient for each thermometer increasing with its sensi- 
tiveness, and can be called the coefScient of sensitiveness. 
In order to find the value of k experiments are made at a constant 

air temperature, for which case -j- =0 and the integration of the pre- 
ach 

ceding equation gives 

a?=Je"** (3) 

Let Vo and v be the observed temperatures at the time and 0, and V 
the constant temperature of the air, the preceding equation becomes 

i?-F=(ro-F)e"** (4) 

If, now, a thermometer is warmed up to some high temperature and 
allowed to cool freely, and its readings Vo^ t^i, v^ at the times 0, 0i, d^ be 
observed, we shall have 

tJo- F=(ro- V)e-^ r,- F=(z?o- F)e-**» i?2- F=(t?o- 7)6-^ 

whence, by subtraction, 

Dividing these we obtain 



1— e-*^« Vi^Vo 



(5) 



If we do not know the temperature of the air, which has been as- 
sumed to be constant, the value of k must be found from this equation, 
either by successive approximations or by development in a series like 
that given by Gyldfen; but ordinarily the constant temperature Fcan 
be determined with sufficient approximation by direct observation with 
an additional sensitive thermometer, in which case k can be found by 
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means of two observations, t^o Vij at the times ffo and 0ij from the eqna* 
tion 

^1 mod. ••••.; 

Owing to a variety of circumstances the sensitiveness may be different 
for rising and falling temperatures. The following values of t, deter- 
mined for five thermometers in air at constant temperature, assume one 
minute as the unit of time : 



Thermometer. 


S for risioK 
temperature. 


Jt for falling 
temperatare. 

0.255 
0.240 
0.242 
a 135 
0.923 


Girgenaohn, No. 345 

Ko.333.... 
No. 406..-. 

Braaer. No. 235 


0.22] 
0. 114 
0':210 
0.117 
0.720 


Anouymons 





The rate of cooling computed with the value of k thus determined, 
or the outstanding error at the end of a given time, is based upou the 
assumption that no wind is blowing past the thermometer, except the 
current produced by its own excess of temperature; these results, 
therefore, apply to the open air during calms. In such cases the effect 
of sluggishness upou the air temperature given by the thermometer 
becomes appreciable, and abundance of time must be given for the ther- 
mometer to attain the surrounding temperature ; if this is not done 
the correction is given by the above formulae. For exami)le, if a ther- 
mometer whose temperature is n is exposed at the time 0o to the air 
whose unknown temperature is F, and if at the time 6 the observed 
thermometer temperature is r, then the true air temperature will be 



F=i?-(ro-F)e-*' (7) 

In computing the last term we may assume V approximately equal to 
Vy and if necessary make a second approximation. 
{€) In the third case the temperature of the air is also changing. In 
this case the preceding equation (2) becomes 






(8) 

by substituting in the right-hand member the approximate value of x, 
already found, and then integrating, we get 



,=e-"(j-/§«^"^^^ 



dO^ -y (9) 

where the right-hand member expresses the effect of the change in the 
temperature of the air during the interval H. 

An approximate value for this change [^(iffj ^^n easily be obtained 
by assuming an arbitrary value such as might occur in extreme cases. 
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But the effect of the average value of the maximum hourly cbauge iu 
air temperature is by Gyldfen computed in the following way : The mean 
diurnal air temperature may be expressed by the formilla 

T=ao+ai sin {Ai+ne)+a3 sin {A2+2n0) : . . (10) 

where d is counted from noon and n depends on the unit of time ; if 
this is one minute, then 



n=: 



7t 



=0.0043632 



12x60 

Substituting this value of I in equation (9) and developing the in- 
tegml in a series of terms, of which Gyldfen retains only the first, there 
results 

x=Jie~^-'nmaiCo&{Ai'-M+n6) . . . . • (11) 
where 

^i=zj'\-nmai cos {Ai—M) 

and m and M are determined by the relations 

1 



nt: 



tan Jf=-jr 



The first term of this expression for x becomes zero if the initial tem- 
perature of the thermometer is the same as that of the air, and in any 
case becomes inappreciable when the time is very long. The second 
term shows how the error x will vary with the diurnal change in air 
temperature; the maximum error will be the coefiicient nmai, the 
thermometer reading too low when the temperature is rising and too 
high when the temperature is falling. 

As an example of the application of this formula, take the thermom- 
eters for which the coefficient Jc has already been given ; assume that 
in the expression for the diurnal change of air temperature a is 5^ 0. 
and that m is given by the preceding formula. Then the resulting max- 
imum error for each thermometer will be 



Thermometer. * 


IfaTimnm corrections, nmai 


For rifling tem- 
peratures- 


For falling tem- 
peratures. 


GirgenBohn, No. 345 — 
Oirgensohn, No. 333 — 
Olrgeoaolm, No. 406 — 

Braaer, No. 236 

Anonymous 


o 

+aio 

+0.19 
+0.11 
+0.10 
+0.03 


o 

-0.09 
-0.09 
-0,09 
-0.16 
-0.08 





These appreciable corrections, applicable to calm or quiet air, are 
greatly diminished when a light breeze springs up^ but they enforce 
the importance of using sensitive thermometers, and of maintaining 
by artificial means a uniform and rapid circulation of air. 
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In case the temperatare mast be determioed by a single statiouary 
thermometer whose coefficient of alnggishuess is unknown, the effect of 
sluggishness may be allowed for by the following method, proposed in 
1865 by Yolpicelli, in the Paris Comptes Rendas, also in the same year 
independently practiced by me at Poulkova, and by Dnfour in Switzer- 
land, and theoretically developed by Gylden in 186G, all apparently 
unaware that Fonrier had also proposed the same plan. 

This method consists in determining^the temperature from three di- 
rect observations, fi , t^ , ^3 , at the times ^1 , ^2 , ^3 , at equal intervals. Let 
the true temperature at the time 02 be T, then will three equations, like 
equation No. 4, give by elimination 

whence 

^_.^ (^1—^2) (^ — tz) 

96. THERMAL AND ELASTIC RBAGTIOlir, TEMPOBABT ZEBO, AKD BBSVLTING TEMPERATUIIBS. 

It has already been stated that normal mercurial thermometers show 
systematic differences from the air thermometer, and exhibit systematic 
changes in their own readings with time and temperature. These irregu- 
larities have their origin in the glass bulb, and are especially notice- 
able in the mercurial thermometer, because the irregularities in the 
expansion of the glass bear a large ratio to the expansion of the mercury. 
They exist to a less degree in the spirit thermometer, and are inappre- 
ciable in the air thermometer. 

The fact that the zero point is subject to a slow change with time was 
first clearly stated by Bellani in 1822. Bellani also discovered that the 
zero point changes with the treatment of the thermometer; but this was 
not minutely investigated until thirty years later by Faraday, Begnault, 
Egen, Sheepshanks and other physicists. The amount of these changes 
depends upon the nature of the glass of which the bulb is made, varying 
from 0.050 0. for the best glass to O.80 0. for the ordinary glass, of which 
otherwise accurate thermometers have generally been made. In all 
cases, however, the effect of these changes may be practically eliminated 
by a proper treatment of the thermometer. To this end rules have 
been formulated by a number of investigators, with different degrees of 
success. The following method has come to be adopted as the most 
satisfactory for determining any temperature below the boiling-point: 

(a) Irrespective of the previous treatment of the thermometer read 
off the temperature, r,, of the bath. 

{b) Immediately thereafter determine the temporary freezing-pointer^. 
The difference between these two readings, corrected for pressure, capil- 
larity, calibration, inclination, etc., is to be considered as a distance 
on the scale, which needs, first, to be converted into its equivalent in 
centigrade degrees ; and, second, to be added to the reading of the de- 
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pressed freezing-poiDt Zmy which is the adopted zero of the centigrade 
scale. 

(c) The equivalent in centigrade degrees is found by determining at 
once the reading of the boiling-point rioo, and then of the depressed 
freezing-point Zi^o immediately thereafter. The difference between 
these two readings gives the scale value of one degree, namely, 

~^^, consequently the correct temperature corresponding to r, is 



t=(r.-z^) Q^=p!?yz,^ 



The great labor involved in two determinations of* the freezing-point 
and one of the boiling-point whenever a temperature is to be measured, 
the fact that frequent boiling changes the fundamental distance, and 
the necessity of providing for cases which frequently occur where a 
mercurial thermometer can not be disturbed during a long investiga- 
tion, has stimulated the study of the gradual changes that take place 
in the position of the zero point, and the making of glass for bulbs 
whose molecular structure is such that the changes become as small as 
. practicable. 

As before stated, it is found that after heating a thermometer, and 
especially when it is first filled by the maker, a temporary enlargement 
of the bulb (and of the stem), followed by a gradual contraction, takes 
place. The contraction is at first rapid and afterwards slow, and finally 
in some bulbs ceases altogether, while in many it continues indefinitely 
at a variable rate. For ordinary glass the changes become inappreci- 
able after two years, by which time the zero point may be 0.2^ or 0.3o 
C. above the point observed when the bulb was first filled. By again 
heating the thermometer at any time the bulb becomes again tempo- 
rarily enlarged, the zero point is lowered by an initial depression, 
whose amount depends on the heating, and the slow process of contrac- 
tion to its normal volume again begins. 

If the initial depressions of the zero point, corresponding to all tem- 
peratures of the thermometer, and the rate of change of any depression 
with time be both known the approximate value of z^, in the preced- 
ing equation may be computed, and thus the first determination of the 
freezing-point be avoided. The best forpaula for the computation of the 
initial depression produced by such rise of temperature is given by 
Pernet : 

Let Zo represent the zero point determined after a long period of re- 
pose by an exposure in ice ; let 2^100 be the depressed zero point corre- 
sponding to the boiling-pointy then for the temperature t the corre- 
sponding depressed zero point z^ will be given by the equation 

ft 

z,=zZo-(Zo-Zmy^^ 

This is the quantity called z^ in the previous equation, and Pemet's 
formula, therefore, enables it to be determined from observations of Zq 



76 REPORT OP THE CHIEF SIGKAL OPPlCER. 

and 2^100 9 made at any convenient time, the only precaution being that 
the temperature t shall be rather higher than any to which it has been 
exposed during the previous period of rest, whereby the secular effect 
at lower temperatures is annulled. 

The method of observing and computing temperatures given in the 
preceding paragraphs gives results agreeing always within a tenth of a 
degree centigrade with the temperatures of Regnault; therefore his work 
on fundamental data can be applied without change, except in minor 
refinements, to current observations. This agreement is due essentially 
to the fact that the glass of Regnault's bulbs was of excellent quality 
for thermometric ^urxK>se8 and for good determinations of zero points. 
Manifestly, however, the above method for eliminating the changes in 
the zero point, implying as it does the possession of laboratory facili- 
ties, is in general inapplicable to the work of the ordinary meteorologi- 
cal observer, whose records must therefore remain uncorrected for the 
variations of the volume of the bulb. Therefore, by reason of the 
annual and diurnal variations in temperature, thermometers exposed in 
the air have a periodical as well as a secular error in their readings. 
After exposure to the cold of winter they give the succeeding spring 
and summer temperatures somewhat too high, until the contraction of 
the bulb has been overcome by the maximum summer temi)erature, 
after which they give too low temperatures until the greatest cold of 
the winter, has been reached. The seasonal variation may amount to 
0.050 (3,^ or, in extreme cases, O.lQo C. for average glass. The most prac- 
ticable remedy for this error must be the discovery of some glass for 
which changes of this kind are inappreciable. 

During the past few years many varieties of glass have been made 
and tested at the laboratory* of glass technology at Jena, and the laws 
of the changes due to heat and those due to elastic pressure have been 
investigated. O. Wiedemann (Annalen der Physik, June, 1886) has 
given a summary of the results of experiments upon the mechanical 
or elastic properties of glass, and shows that the elastic reaction is en- 
tirely parallel and similar to the thermal, and that in general the 
formula applicable to elastic reactions may be applied to thermometers. 

Let c be any initial deformation ; x the outstanding deformation or 
departure from perfect equilibrium at the time t'y then we have 

where e is the base of the Napierian system of logarithms^ a, m, and c 
are constants that' vary with the chemical composition of the glass. 
For ordinary good glass a is 1; but for the poorest, 0.7; m varies from 
0.4 to 0.6 ; c varies from 0.17 to 0.005. 

If by elastic reaction at the time t we understand the ratio of the out- 
standing distance (x) from equilibrium to the initial departure from 
equilibrium, then we may consider the following points established : 

1. The elastic reaction depends on the amount of x)receding flexure 
and the dimensions of the body. 
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2. The elastic reaction dimiuishes with higher temperatures. 

3. The thermal reaction is large or small according as the elastic re- 
action is larger or smaller. 

4. The elastic and thermal reactions both depend on the chemical con< 
stitution of the glass. A pare potash glass has a larger reaction than 
a pore soda glass, and a mixed glass of equal parts of soda and potash 
has a mnch larger and much slower elastic reaction than a pure soda 
glass. 

5. Probably elastic reaction for various kinds of deformation, such as 
bending, twisting, stretching, or compressing, is the same, other con- 
ditions being identical. , 

The results of the studies of Wiedemann, Pernet, Schott, and Abh6 of 
Jena, based on a large number of specimens of glass made in the tech- 
nical laboratory at Jena, have established the following as the best 
composition of glass for the manufacture of thermometers: Normal 
thermometer glass of Jena: Quartz^ 67.55 ^oda^ 14.0; oodde of zirWj 7.0; 
Zme, 7.0; c^ay, 2.5; borax^ 2.0 per cent. 

This glass shows a depression of the freezing-point of only 0.05* 0. 
after the thermometer has been exposed to the temperature of boiling 
water; it has been rapidly adopted by the best German thermometer 
makers, and those desiring instruments that will not change the zero 
point more than 0.01° in a long interval of time must provide themselves 
with thermometers made of this or some equivalent glass. 

The glass used by Messrs. J. and H. J. Green in the manufacture of 
their mercurial thermometers has for a long time been made especially 
for them, and is of considerable stability. 

That made by the French glass makers and used by Tonnelot gives 
a depression of 0.08©; as to that used by Eegnault, we know only that 
he rejected any thermometer in which the depression was greater than 
O.l^r But most of the Fi^nch makers, and also the English, use a glass 
containing much lead that gives initial depressions of 0.2^ or more. 

The preceding remarks relative to the bulb apply also to the glass 
stem. Thus Pernet (Trav. et M6m., IV) found changes of O.Olo in the 
calibration corrections of thermometers that had been frequently used 
at temperatures not exceeding 50° C, and the upper half of whose stems 
had been kept at ordinary temperatures. He also found that calibrated 
tubes to which a new bulb had been afterwards applied and fitted had 
entirely changed their calibration corrections by as much as 0.1^ 0. 



CHAPTER IV. 

EXPOSURE OF THERMOMETERS, 
97. THE PBOBiBM 8TATBD. 

The- primary nse of the thermometer in meteorology is for determin- 
ing the temperature of the free air at a ^ven place at a given moment 
of time, and to this end the circnmstances of its exposure are of eqaal 
importance \rith the accaracy of the instrument. The bulb of a ther- 
mometer exposed in the air receives heat by radiation from surrounding 
objects in addition to that conducted from contiguous air and the stem 
itself. Its temperature is therefore dependent on the reflectivoi ab- 
sorptive, and emissive powers of the stirface of the bulb and the con- 
duction from the stem. 

The emission of heat from the bulb takes place by radiation and by 
external conduction to the adjacent layer of air. The latter combines 
with the effect of air currents moving past the bulb, giving rise to con- 
vection, which is generally of more importance than external conduc- 
tion. 

Tiie consideration of these influences and their effects must lead to a 
standard method of determining air temperature to which all others 
may be considered as approximations. 

General relations. — ^A thermometer exposed in the free air may be 
considered to indicate a temperature that represents a balance be- 
tween the influences of convection, radiation, and conduction of heat. 

The latter two are not negligible, but when the wind is blowing 
strongly past the thermometer the resulting convection brings the 
thermometer to a temperature closely approximating that of the air. 
The general analysis of the combined effect of radiation, absorption, 
and convection, as applied to thermometers, is due to Fourier, and has 
recently been given more fully by Prof. William Ferrel (Temperature 
of the Atmosphere and Earth's Surface; Signal Service Professional 
Papers, Xo. XIII). [Two memoirs by Wild, in the tenth volume of his 
Ee[>ertorium, were received after this present work had gone to press.^ 

When a thermometer attains a stationary temperature there is an 
equilibrium between the amounts of heat acquired and imparted in a 
unit of time by virtue of the surrounding influences to which it is sub- 
jected. 

Assuming such a condition, let J7be the total amount of heat radi- 
ated to the thermometer, and r the coefficient of absorption; then rH 
will be the quantity absorbed in a unit of time. 

78 
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If H^, He, H, be the qaantities of heat lost from the thermometer by 
radiation, condactioD; and convection, respectively, th^ condition of 
equilibrium is expressed by the equation 

The right-band member may be expressed in terms of the tempera* 
tnre by introducing the elementary laws of radiation and conduction. 

Under the assumption that the difference of temperature between the 
thermometer and the air is small, let ti be the temperature of the ther- 
mometer; t^ that of the air; B the coefficient of radiation; B' = the co* 
efficient of conduction through the air; B"= the coefficient of convection 
for a unit velocity of the current ; v = the velocity of the current. 

The above equation may no\^be written thus 

rE:=:(Br+B'+B''v) {ti-t,) 

from which {ti^Q may be found whenever jff and the coefficients are 
known. 

The true temperature of the air around the thermometer can not be 
determined unless this equation is solved, or unless the observations 
are so arranged as to eliminate or correct for these influences. 

Among the methods adopted for obtaining correct air temperatures 
from direct observation the most important are: (1) Methods based on 
the use of a shelter which cuts off noxious radiation ; (2) methods that 
measure and correct for the effect of radiation ; (3) methods of counter* 
acting radiation. These are treated in the following sections: 

• ^ 98. STATIONARY OPKX SHKiTEB. 

The most evident source of error, namely, the direct radiation of the 
sun was obviated in the earliest meteorological use of the thermometer 
by hanging it on the shady side of some object, and by changing its 
position when necessary. In tropical countries the thermometer was 
suspended beneath a roof, preferably of thatch^ open on all sides to the 
wind. By this shelter the sun's rays are shut off*, except possibly for a 
short ttime in the morning and evening, and radiation to the sky is 
largely prevented. Early in the present century special thermometer 
shelters were introduced, which, under various forms, such as the pat- 
terns Glaisher, Stevenson, Stow, Eenou, Wild, and the Signal Service, 
are now in general use. For many years Flaugergues at Viviens (see 
Zach, Correspondance Astr., 1819, II, p. 434) used a single vertical cylin- 
der of two sheets of silver paper, inclosing a thin layer of non-conduct- 
ing substance; the thermometer bulb within the open cylinder was 
sufficiently exposed without experiencing the full force of the wind. 

The ideal thermometer shelter, besides screening from rain and injury, 
prevents the direct radiation of heat between the thermometer and all 



80 REPORT OP THE CHIEF SIGNAL OFFICER. 

other objects, except the shelter, without interfering with the free motion 
of the air; but all forms necessarily fall short of this ideal, and some to 
a large extent. If, as in some cases, a portion of the screen is left open 
to allow of the free circulation of air, then injurious radiations are liable 
to occur. If, on the other hand, these radiations are cut off by a contin- 
uous screen, then the exchange of the air within and without the shelter 
is entirely stopped or reduced to a very small portion of the wind^s ve- 
locity, and the mass of air withjn the shelter may come to possess a dif- 
ferent temperature from that of the free aii*. With the use of shelters 
made of open louver work, such as the present Signal Service pattern, 
this source of error is scarcely appreciable in any wind above 5 miles per 
hour. In such winds the slight errors introduced by such a screen arise 
primarily from the temperature of its own mass, by reason of which the 
air within a screen of wooden louvers H usually warmer than the sur- 
rounding air during sunshine, and during clear nights up to the time 
when the louvers have cooled by radiation down to or even slightly be- 
low the air temperature. This influence of the temperature of the screen 
upon the thermometer is reduced by the convection of the air, that is, 
forced by the wind into the screen, and the greater this quantity the less 
will be the influence of the screen temperature. 

It is evident, therefore, that a perfect screen, namely, one that gives 
the air temperature at any time correct to within some assumed limit, 
should fulfill the following three conditions, respectively, formulated in 
1865 by myself at Poulkova, in 1884 by Professor Wild at St. Peters- 
burg, and in 1885 by Prof. H. A. Hazen at Washington : 

1. The screened thermometers should not impart heat to nor receive 
heat from auy object that has a temperature differing by some pre- 
scribed limit from that of the external air. 

2. When fresh air is drawn into the screen from without the ther- 
mometer should show no change in temperature greater than the as- 
sumed limit of accuracy. 

3. The screened thermometer should agree with the sling thermom* 
eter shaded from noxious radiations (especially to sky and sunshine) 
and whirled in the free air near the shelter. 

The degree to which these conditions are attainable is shown in the 
following paragraphs. * 

In order to test the quantity of director reflected solar radiation that 
may enter a shelter the following method was adopted by me at Poul- 
kova in 1865-'66, and has recently been used by Koeppeu. Two ther- 
mometers, whose bulbs have very different radiating and absorbing 
powers with respect to solar radiation, are placed in the shelter. When 
the thermometers agree it is a proof that the solar radiation penetrate 
ing the shelter is not of sufficient amount to cause either thermometer 
to differ from the temperature due to conduction from the air flowing 
through the shelter. If the thermometers do differ the correction due 
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to the effect of this radiation may be obtained by elimination from the 
two following equations : 

rifl=^iri(<i-t.)+Bx'(ei-f.)+A"t?(<,-U 
whence 

In the coarse of a year's observations at Ponlkova, the largest differ- 
ences {k^ti) between plain glass and blackened bulbs did not exceed 
0.6<^ 0. within a screen of one cubic meter made of louvers of oiled paper. 
The correction thus obtained must be carefully understood to be ths^t 
due to the special radiations that penetrate the shelter, for which the 
thermometers have the very different coefficients Bi and jB^; of course 
radiations whose wave lengths are such that they affect both bulbs 
equally can not be thus determined, and the method is strictly applica- 
ble only to the detection of any direct or reflected solar radiation that 

may penetrate the shelter. Fourier considered that the value of - — ^ 

would be about | for solar rays and surfaces of glass and of lamp-black, 
but this mistake was corrected by a criticism of Plana. All ordinary 
dark heat, i. «., radiations of long wave length such as come from sub- 
stances at low temperatures, affects the ordinary plain and blackened 
bulbs and the walls of the shelter so nearly alike that such heat can 
not be detected in this way. 

The test of a shelter for the effect of all heat radiations whatever is 
best made by means of an artificial current of free air, if it can be 
assumed that the temperature of the air shall not be sensibly changed 
in the process. Thus Professor Wild attaches to his shelter (a wooden 
louver work inclosing a sheet-iron cylinder) a ventilating apparatus 
for renewing the air at will. He finds that the change of temperature 
produced in the shelter by the action of the ventilator is rarely more 
than 0.1^ C, and hence concludes that his screen is reliable to that limit. 
Instead of currents flowing into the shelter two thermometers may be 
exposed to currents within and without, respectively; thus, experi- 
ments (Hazen, H. A., Thermometer Exposure, Signal Service Profes- 
sional Papers, No. XVIII) made at Washington in 1884-'85 show that 
the temperature within the wooden louver shelter adopted by the Signal 
Service agrees to within 0.3^^ F. with a thermometer whirled outside 
during the winter half of the year without correcting the latter for any 
jresidual efiect of radiation to the earth and sky. 
3ia 87, PT 2^ — 6 
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• 

Dariug the day time the sun cheats one side of a shelter and the air in 
contact with it far above the local air temperature desired by the 
meteorolop^ist. The resulting distribution of temperature within the 
shelter will depend on the direction and strength of the wind. The 
largest discrepancies between the various parts of the shelter may be 
expected to occur in calm weather, and have been studied by H. A. 
Hazen in order to ascertain what size of shelter is needed to secure a 
good location for the still thermometer fixed within. The result was 
the adoption of a cube 3J feet long, 3 feet high, and 3 feet deep, sur- 
mounted by a double sloping roof (see Professional Papers, No. XVIII, 
page 27). 

At Signal Service stations provision is now made for whirling the 
thermometers rapidly in a circle of about 8 inches radius in the central 
space of the '* Hazen" shelter. This does not materially affect the 
interchange of air within and without the shelter, but produces a thor- 
ough mixture of that within, so that the thermometers give the average 
temperature of the whole. The rapid whirling undoubtedly tends to 
distort the bulb by centrifugal force, and may alter its capacity so as to 
cause a temporary change in the reading of the thermometers, but this 
effect is immediately counteracted by the elasticity of the glass when 
the whirling ceases. 

The temperatures given by these thermometers whirled within the 
Signal Service shelters do not differ more than 0.2° F. from the tempera- 
tures given by the sling thermometers whirled in the shade in the free 
air near by (see Professional Papers, No. XVIII, page 32). 

99. STATIONABT CLOSED SHELTERS. 

In this class of shelters the air does not have direct access to the 
thermometer. Arago's method of thermometer exposure is the earliest 
example of this kind. 

He carried out a suggestion of Fourier's that a silver thimble, if it be 
so perfectly polished as to reflect all radiant heat, must attain by con- 
duction the temperature^ of the air in contact with it, and therefore a 
thermometer within it must also have that temperature. The closed 
silver- thimble shelter was adopted by Regnault in his psychrometer. 

The assumption, however, is at fault, because no substance reflects 
all the rays; the absorption for even the best polished silver thimble 
in the sunlight amounts to 7 or 8 per cent, of the total intercepted 
radiation. Therefore, when exposed in still air, the excess of its tem- 
perature above that of the surrounding air may amount to several de- 
grees. This shelter gives good results only when there is a rapid con- 
vection current. 

A second form of closed shelter is due to Joule. The temperature 
of a mass of well-stirred water is brought to an equality with the tem- 
perature of the air, and at the moment when no convection currents 
exist in the adjacent air the teoiperature of the water is then observed 
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by thermometers immerseil therein; by this raeaus the thermometers 
are entirely anaffected by any radiation, but the method has little or uo 
direct meteorological application. 

30. METHOD OF DETBBMININO AIB rEMPKBATURK BT MBASURIXG AND COBBECTING FOB 

THE EFFECT OF CO.^DUCTION AND RADIATION. 

Instead of attempting by the use of a shelter to protect the ther- 
mometer from all noxious radiation^ Liais (Gomptes Bendus, Paris, 
XXXIII, 1851, 207) proposed to measure it, and correct for its effect in 
the following manner: 

Let three thermometer^ of similar size, shape, and sensitiveness be 
exposed side by side to a uniform radiation to the earth and sky, but 
screened from the direct and from any intense reflected solar rays. Let 
f^f^f be the emissive powers of the three bulbs, supposed to be as 
different as possible from each other in this respect. Let A be the total 
quantity o( radiant heat that reaches the bulbs in a unit of time; then, 
because of the equality of the coefficients of absorption and emission, 
the total quantity of radiant heat absorbed by the bulbs will be, re- 
spectively, Af^ Af^ and Af, 
Let tj ^+a, ^+6 be the resulting excess of the thermometric tempera- 
tures above the air temperatures. 
mft^ mf (^+a), mf (<+6) the quantities of heat lost by radiation 

by reason of this excess of temperature. 
ntj n{t+a)^ n(f+&) the quantities of heat lost by the conduction 
and convection of the air. 
When the thermometers indicate stationary temperatures the ab- 
sorbed radiant heat will equal that lost by radiation, conduction, and 
convection, whence 

Af=:mft-\-nt 

Af=imf'[t+a)+n{t+a) 

Af'=mf"{t+h)+n{t+b) 

By elimination we obtain 

which is the correction to be applied to the temperature of the first 
thermometer in order to get the true air temperature. This correction 
will be positive or negative, according as the surrounding objects ex- 
changing radiation are cooler or warmer than the air. 

A similar method, using two thermometers, was early proposed by 
Fourier and applied, but soon forgotten until independently revived 
and used by myself at Poulkova in 1865, The following presentation of 
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this method is given by Professor Ferrel (Signal Service Professional 
Papers, XIII, 69-60) : 
Let ta be the true air temperature. 

ti and ^, the temperatures read off from two thermometers ex- 
posed side by side, whose bulbs differ largely as to their 
coefficients of radiation and absorption. 
Hj the total amount of heat radiated to the thermometers. 
Ai and 02, the respective absorbing powers of the two thermom- 
eters, 
ri and rj, the respective radiating powers of the two thermom- 
eters, 
fc, the rate of cooling by convection for unit velocity of the cur- 
rent, to be determined for each thermometer by observa- 
tions at different velocities, after making allowance for 
internal sluggishness. For different surfaces the value of 
k changes little when the bulbs are of the same size, shape, 
and material ; the same value may be assumed to hold 
good for each thermometer. 
Finally, let v be the velocity of the convection current. 
Assuming a continuous rapid convection current, there is no conduc- 
tion proper, and the equations of thermal equilibrium are, respectively, 

Eliminating H we obtain 

where 

a.i{ri+Jcv) 



C=- 



This expression shows that by increasing the ventilation the rela- 
tive influence of the terms containing r diminishes when compared with 
the terms in fci?; consequently for high velocities the terms in r may be 
neglected, and the value of C becomes 



C= 



a^ 



ai— 02 



In the Ann. de Ohimie, November, 1817, Fourier had proposed the 
use of a plain glass bulb and a blackened glass bulb and the computa- 
tion of the air temperature by the formula ta=ti^C(t^^ti), He esti- 
mated that C would be about J, but Plana (see Zach, Astron. Corresp., 
J818, 1, p. 545) showed that the absorption of glass and lamp-blaciv ar^ 
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too nearly alike to allow this method to give good results. [This impor- 
tant point has been dwelt on by Wild in his Memoir of 1887, received 
too late to be more fully quoted hero.] 

31. METHODS OF ANNVIIINe THE EFFE€T8 OF BADUTION. 

The use of ordinary shelters gives the temperature of the air within 
the shelter, without assurance that this air has the same temperature 
as that of the free atmosphere outside. To remedy this defect the fol- 
lowing methods have been used: 

(a) Method by ventilation. — ^The Italian physicist Belli, in 1937, pub- 
lished the description of the psychrometer used by him, in which a 
ventilator is used to draw in the outside air and make it flow rapidly 
over the thermometers contained within the air duct. In this appara- 
tas the thermometer is stationary, its changes and final stationary 
temperature can be easily read, and the apparatus for producing the 
flow of air may be simply the inflation of the lungs. But there is a 
sligbt doubt as to whether the air may not change its t^emperature in 
its flow through the tube before reaching the thermometer. This lia- 
bility to a change in temperature of the air itself increases with the ve- 
locity of the indraught, but by a proper manipulation the error may be 
reduced to a small quantity, and the method has great merit. In gen- 
eral, however, it is easier to use the thermometer in the free open air 
and to adopt some method of eliminating the errors of exposure. [Since 
the above was written Dr. Assmann has described a slight modification 
of Belli's method for dry and wet thermometers that is adapted to give 
fairly good results with very little trouble.] 

(b) Method by whirling. — The idea of whirling the thermometer as a 
method of obtaining the air temperature is said to have been suggested 
by Arago, but the whirled thermometer was first used ifor this purpose 
in 1836 by A. Bravais (Comptes Eendus, Paris, XXXVIII, 1077, 1854). 
It had previously been used, however, to obtain the wet-bulb temper- 
ature by Saussure (Voyages dans L'Alps, T. VII, Chap. VIII). 

This method consists simply in whirling rapidly in the free air a ther- 
mometer attached to a string or swivel, held in the hand; for constant 
use in a fixed location the thermometer is attached to the Arago whirl- 
ing table. 

The nsage of Bravais and the French observers has been to whirl the 
thermometer in a shaded spot, so that radiations only from terrestrial 
objects, clouds, and sky can affect it. 

It is evident that by a rapid whirling the effect of convection mnst 
bring the temperature of the surface of the thermometer into close ac- 
cordance with the temperature of the air, precisely as when the water 
is rapidly stirred in a thermometric bath. 

The general relation between temperature and ventilation for the 
case of a small spherical body and small differences of temperature, 
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after the bulb has come to a stationary temperature, tj has been expressed 
by Ferrel in the following formula : 



0.0077 i^/i'j (T r+Jcv 

where I is the intensity of the heat radiation that falls on the ther- 
mometer. 

ttj the coefficient of absorption of these radiations by the sar- 
face of the bulb. 

r, the coefficient of radiation for the special surface and tem- 
perature of the bulb. 

8y the area of a section of the bulb. 

<T, the total effective radiating surface of ihe thermometer to- 
ward the source of the radiation J; this will be less than 
the total surface of the bulb in proportion as its radia- 
tions are reflected back to it by surrounding objects. 

£y for black bulb thermometers ; the amount of heal radiated 
at a temperature 0<^ C. in a unit of time from a unit of 
lamp-black surface whose thickness is sufficient to give 
the maximum radiation due to lamp-black. According 
to Dulong and Petit jB=A.146 calories per minute per 
square centimeter; the value of a is approximately 0.80 
for plain glass for direct solar rays and O.IO for polished 
silver and gold and iridium surfaces. 

ft the radiation constant; 1.0077, according to Dulong and Petit. 

Jc the coefficient of external conduction for a unit velocity of air. 

The formula shows that when the convection current is zero the dif- 
ference between the thermometer and the air temperature may become 
quite large. K v^O and the bulb is of such material that a=r (the 
case in a well-covered black bulb) the correction becomes 

Xs 8 

^^■"^•'^.0077-B/^'i 5 

for ordinary plain gla«s bulbs. The ratio — for solar rays is -l^ =0.3. 

The above correction varies directly as J, the intensity of radiant solar 
heat, direct or reflected, falling upon the bulb ; for a thermometer swung 
in the shade, protected from radiation to space and surrounded by non- 
reflecting surfaces, experiment shows that the correction is inappre- 
ciable. 

(c) The whirled shelter, — The protection of the thermometer from ra- 
diation and the production of a continuous current of fresh air weFe 
combined by Eenou in his whirled shelter (Comptes Bendus, Paris, XL, 
1855, p. 1083) and by Wild in his ventilated shelter, as introduced into 
the stations of the Russian meteorological service. 
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In Benou's method a small triple shelter of coucentric thin metallic 
cylinders cats off all exterior radiation. By rotating the shelter about 
an axis the air is forced to flow rapidly between the concentric cylin- 
ders and past the thermometer. For meteorological observations the 
shelter is mounted on a post in the open air. 

Since the whirling of the shelter wpuldhave a tendency to rarefy the 
inclosed air, whence the inflowing air by expansion might be slightly 
cooled, Benou examined this possible source of error, and concluded 
that it is inappreciable for velocities ordinarily used. 

This is substantially the method independently introduced by Dr. B. 
F. Craig, in 1867, into the practice of the observers of the Medical Depart- 
ment, IT. S. Army ; Dr. Craig's device consisted of a single thin brass 
box about 14 inches long, and having a section of 2 square inches, in- 
closing the thermometers (dry and wet). The box had openings at 
each end, so placed that when whirled by means of a swivel air is 
drawn in at the upper end of the thermometer and driven out past the 
bulb. The rapid convection brings the thin metallic box and the in- 
closed thermometer very quickly to the air temperature. 

In Wild's method a fixed louver shelter has an attached ventilator that 
causes currents of fresh external air to circulate rapidly through the 
shelter when the wind fails to do so. 

33. OOBHECTION FOB THK FBICnOH AND GOMFBISSIOir OF TflS AIB. 

In determining the air temperature by a whirled thermometer there 
is introduced a possible source of error due to the relative movement of 
the air and the bulb. If this correction be appreciable its amount 
should be determined and applied to the observations. Manifestly the 
same source of error also arises when the wind or an artificial current 
blows past a fixed thermometer, for which case the correction will like- 
wise be applicable. When the thermometer moves rapidly in the still 
air, or when a current of air blows past the thermometer, the temper- 
ature of the thermometer tends to be raised both by the friction on its 
surface and by the dynamic heating of the air due to its compression 
on the front or windward side. Experiments made by Joule and Thom- 
son show that on the windward side of an obstacle temperatures are 
slightly raised by the stoppage of the wind, and the consequent con- 
version of a portion of its energy into heat; while on the leeward side 
the temperature is a little lower than on the windward side, due to the 
fact that the warmed air expands and cools slightly on reaching the 
rear. They found that a thermometer placed in the middle of the wind- 
ward side of a wall, but sheltered from the wind itself, gave a higher 
temperature than when exposed to the full blast and isolated from tbe 
effect of the wall. This result shows that the heating of the air by com- 
pression, when blowing against a normal surface of considerable size, 
is greater than the effective heating produced by the friction and com- 
pression of air against the small surface of an isolated thermometer. 
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Bravais made experiments to determine the amount of any sach heat- 
ing of the whole thermometer, and states that it does not exceed 0.046^ G. 
for glass or gilded bulbs whirled at a velocity of 10 meters per second. 

The same subject was investigated very accurately by Joule and 
Thomson in 1 856-'57 (Proceedings Royal Society, London, VIII, 1856-'57, 
X, 1860). They found that the thermal effect of impinging air depends 
upon the compression in front, the rarefaction in the rear, and the 
friction on the surface. Experiments to determine the amount of the 
thermal effect upon thermometers whirled at different velocities showed 
that it is approximately proportional to the square of the velocity. The 
following quantitative results are a sample of those given by them for 
ordinary glass bulbs : 



BelAtlye Telocity of 
bulb and air. 


Thermal effeot. 


Kileaper 
hoar. 


Meters per 
secona. 


Obeerved. 


Compated. 


> 

10 
20 
26 
30 
40 
60 
60 
70 
80 


4.5 
8.9 
1L2 
13.4 
17.9 
22.4 
26.8 
31.3 
35.8 


OC. 


oc. 

0.01 
0.02 
0.05 
0.07 
0.13 
0.20 
0.28 
0.38 
0.60 




0.06 
0.09 
O.U 
0.22 
0.28 
0.32 

0.44 

1 



The last column contains the heating effect computed for different 
velocities upon the assumption that the observations may be repre- 
sented by the expression 0.0000782 r^, where v is given in miles per 
hour. 

By altering the surface of the bulb so as to largely increase the fric- 
tional effect the total thermal effect was considerably augmented. 

From these observations we may conclude, therefore, (1) that for ve- 
locities of whirling up to 10 meters per second the reading of the ther- 
mometer observed to the nearest tenth of a degree (centigrade) needs 
no correction for the whirling; (2) that a thermometer exposed to a 
high wind (over 30 miles per hour) needs a negative correction, whose 
amount is given in the preceding table ; (3) that the thermometer should 
not be exposed and observed near an obstacle where, on account of 
dynamic heating or cooling, the temperature may not be that of the free, 
air current. 

33. OOXCLVSIOir. 

From the preceding analysis of the methods of observation proposed 
and in use it is evident that the temperature of the free air at any spot 
can be directly obtained only by taking care to avoid or allow for any 
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injorioQS effects upon the temperature of the thermometer from its radi- 
ation into space, ». e.^ to the upper air, its absorption of radiant heat, 
its friction with the air, its dynamic heating or cooling, and the changes 
of air temperature, all of which are matters additional to the instru- 
mental corrections treated in Chapter III. 

An examination of different methods shows that these various sources 
of error may be rendered inappreciable and the temperature of the 
free air at a given place and time obtained to the nearest tenth of a de- 
gree with an ordinary glass bulb thermometer, sheltered from direct or 
reflected solar radiation and well ventilated by whirling or by indraught, 
the relative motion of the air and the thermometer not necessarily ex- 
ceeding 10 meters per second. Finally, the temperature of the air may 
be obtained even in the sunshine, as recommended by me (Bulletin of the 
Philosophical Society of Washington, March, 1883, and on earlier occa- 
sions), by rapidly whirling, simultaneously, a black bulb and a polished 
silvered or gilded bulb thermometer, and computing the temperature 
from the formula 

t air= t bright— {t black—* bright) 

where is a factor depending on the coefficients of absorption, radia- 
tion, and convection for each thermometer for the special wave lengths 
that come into consideration. In both these methods, howevel^, there 
must remain a slight error, due to radiations that are common to both 
thermometer bulbs in their interchange of heat with surrounding ob- 
jects. [These conclusions are well illustrated and confirmed by the 
excellent latest work of Wild, already referred to.] 



CHAPTER V. 

MISCELLANEOUS FORMS OF THEEMOMETEB. 

Numeroas forms of thermometer have been introdaoed to accomplish 
special objects and to meet the demands of special investigations. 
Sach of these as have been widely nsed in meteorology are here men- 
tioned. In all these forms it is /»samed that the instruments are kept 
carefully compared with the standard air or mercurial thermometer. 
The princii>les upon which these instruments are based and the nature 
of the errors to be guarded against in their use will be briefly stated. 

34. THK ALCOHOL THERMOMETKB. 

Owing to its fluidity at low tem[>eratures the alcohol thermometer 
has been relied on especially for temperatures below the freezing-point 
of mercury. Notwithstanding every effort to obtain accurate results 
by careful calibration of the tube^ and by the stndy of the great varia- 
tion in the coefficient of contraction of alcohol, it has been found that 
an equally serious source of error exists in the adhesion of the liquid to 
the sides of the glass bore, and no independent determination of the 
amount of the correction for adhesion seems possible; neither is it 
practicable to calibrate tubes when full of alcohol. The alcohol ther- 
mometer can not, therefore, be regarded as an independent standard 
instrument, but must be compared with a normal, and its corrections 
determined for a large number of points on the scale from which, by a 
graphic process, the corrections may be interpolated for each degree. 
The corrections thus obtained are the algebraic sum of the corrections for 
freezing-point, scale division and calibration, irregular expansion, and 
adhesion. 

The special subject of adhesion has been studied by Kecknagel (Mun- 
chen: Bericht, 1866, II, 327-408). The following illustration of the 
amount of adhesion correction in one case is taken from Becknagel's 
work : An alcohol thermometer whose other errors are all known, and 
which agreed exactly with the air thermometer at 0° C. and 15^ O., in 
a vertical position, gave an adhesion correction of +1.7° C. at —40.1^ 
C, +,1.6o at — 41.1^, and +1.4P at -79.0o, the correction for the irreg- 
ularity of expansion having been allowed for. 

The effect of adhesion proper can be determined only after waiting a 
long time for the spirit to drain down the sides of the tube as much as 
possible. If this is not done there arises an unknown correction for 
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imperfect drainage. When tbe thermometer is ased in the vertical 
position the drainage error is a minimnm, bat when used almost hori- 
zontally, as in the self-registering minimam thermometer, the error thus 
introduced may become quite appreciable, and depends upon the rapidity 
with which the temperature changes. The comparison with the normal, 
therefore, should be made with the minimum thermometer in the i>osition 
in which it is to be used. 

35. TBI HAXIMm THBBMOMmE. 

The mercurial thermometer is made to give a record of the maximum 
temperature by means of several devices. The earliest is that of Caven- 
dish (1757). In this form the thermometer lies horizontally, and differs 
from common thermometers only iu having the top of the stem drawn 
out into a capillary tube, which enters into a glass ball joined to the 
stem at the place where it begins to be contracted. The npper part of 
the tube above the mercury and a portion of the glass bulb are filled 
with spirit of wine. When the temperature rises the spirit of wine ia 
driven out of the tube into the glass ball, where it is left when the tem- 
perature falls. The length of the empty part will be proportional to 
the fall of the thermometer, and by means of a proper scale the top of 
the spirit of wine will show how many degrees the temperature has been 
higher than when observed. This early and crude form was followed 
by three types, which have come into general use, Eutherford's, Phil- 
lips's, and Kegretti and Zambra's. 

(a) The Rutherford maximum (1794). — ^This has a light movable steel 
index at tbe top of the mercurial column. The instrument is placed 
horizontally, and as the temperature rises the mercury pushes the 
index before it; when the temperature falls the index is left in situ to 
mark the position of the maximum. After an observation is made the 
thermometer is set by bringing the steel index to the top of the mer- 
cury column by means of a magnet. 

{b) The Phillips maximumy or the IfalfwAin (1854). — ^In this a small 
bubble of air makes a permanent break in the upper part of the mer- 
curial column; with small bore and short detached column the tube 
may be placed vertical. As the temperature rises the column moves up 
the tube; when the temperature begins to fall the lower column con- 
tracts toward the bulb, but the detached upper portion is left behind to 
register the greatest heat, the pressure of the air bubble and the fric- 
tional resistance to motion combining to prevent its descent. To set 
the thermometer the detached column is forced back by the centrifugal 
force generated by whirling the thermometer held at arm's length. The 
size and location of the air bubble may vary, especially during trans- 
portation, thus introducing a variable correction for the reading of the 
top of the mercurial column; consequently the thermometer should be 
frequently examined and compared. 

If the mercury moves easily in the bore the tube should be kept 
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nearly horizontal, otherwise the detached colamn will be in danger of 
sliding down by its own weight before the observer hai^ made his daily 
reading. Snch an instrument should not be used. In spite of its de- 
fects this form of maximum is in many respects the best for meteoro- 
logical work. 

(c) The Negretti and Zambra maximum, — The Negretti and Zambra 
maximum has the bore of the tube constricted near the bottom of the 
scale, so that mercury once pushed up past this point can not easily 
slide back into the bulb. 

After reading the maximum temperature the column of mercury is 
forced back into contact with that in the bulb by whirling. This form 
of maximum is exclusively used at the stations of the TJ. S. Signal 
Service and is otherwise widely diffused. Its merit consists in the 
fact that the break always occurs at a definite point. For accuracy 
it is necessary to apply a correction for the effect of the lower tempera- 
ture at which the observer subsequently reads the registered column, 
whose volume was fixed at the maximum, temperature of the day. This 
correction is similar to that given in previous section on the correc- 
tions for difference of temperature between the stem and the bulb, and 
may easily become quite appreciable. In practice this correction has 
hitherto always been neglected. 

The pressure required to force mercury up through the constriction 
is such that the bulb is subject to an unknown increase of internal press' 
ure, and the liquid ascends, when the column rises, by one or two- tenths 
of a degree at each step; therefore the maximum is subject to a defi- 
ciency amounting to the whole of this quantity, and is on the average 
too low by about one-balf of it. Both the preceding sources of error 
give temperatures too low; the following, however, gives an opposite 
tendency. If the constriction is, as usual, of a long conical form above 
and below the narrowest point, then the lower end of the mercurial 
column has a smaller diameter, and therefore a greater capillary curva- 
ture than the upper end of the thread. There is therefore an unbal- 
anced capillary pressure tending to raise the whole column. Its effect 
is greater at low temperatures, when the weight of the column is pro- 
portioually diminished. This effect can be observed by reading the 
lower end of the mercurial column as well as the upper end. When 
the temperature falls very slowly it can happen that a continuous mer- 
curial connection is maintained between the npper and lower columns, 
by virtue of which the upper is drawn down into the bulb, so that the 
record is falsified or wholly lost. The Phillips maximum is free from 
all these defects. 

36. THE MINIMUM THBRMOMETEB. 

The alcohol minimum thermometer is now universally used. This in- 
strument was devised by Rutherford in 1794, excepting that he used 
spirit of wine instead of alcohol as his expanding liquid. The regis- 
tration is effected by a light steel or glass index, enlarged and rounded 
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at the endy and wholly immersed ia the colamn of alcohol. When the 
:iIcohol contracts with a fall of temperature the snrface tension of the 
top of the alcohol oolamn t9 sufficient to carry with it the index, and 
then, when the temperature rises, the alcohol flows around and past 
the index, leaving it to mark the lowest temperature. The instrument 
manifestly gives also the temperature at the hour of observation. The 
thermometer is set by drawing the index to the top of the alcohol col- 
umn by simply tipping the thermometer if the index moves easily, or 
otherwise by a magnet, or by jarring or whirling the instrument. Care 
should be taken, however, to avoid driving the index out of the column 
of alcohol. In most thermometers of this kind the index moves easily, 
and the stem must be kept very nearly horizontal, so that any vibration 
of the support shall not cause the index to slip down the tube. 

Baudin has succeeded in making the index fit the bore so closely that 
it maintains its position even when the stem is vertical. To set the in- 
strument he incloses in the bulb a slender bit of glass (the hammer), 
which upon inverting the thermometer slides down and pushes the 
index to position. ISo error is introduced by the fact that the minimum 
is subsequently read at temperatures higher than that at which the 
record was originally made. 

St. COMBIXKD MAIIMtM AND MINIMUM THKRMOMETKB. 

The oldest form of combined maximum and minimum thermometer 
Is one described in the Acts of the Academy del Gimento, and next in 
age to this is that devised by J. Bernoulli in 1693, in both of which 
forms the horizontal thermometer tubes have auxiliary branches or 
depressions, into which mercury falls at the maximum and minimum 
readings. 

The most widely used combined thermometer is that invented in 
1781 by J. Six, of Colchester. This consisted of a U-shaped tube, as in 
Fig. 5, ending in a large bulb, K^ and a smaller bulb, B. The mercurial 
column fills the lower portion of the tube. The main bulb K is full of 
alcohol ; the lesser bulb B has both air and alcohol. A rising tempera- 
ture causes the alcohol in JT to expand downwards, thus pushing the 
mercurial column up the short end of the tube and compressing the 
air in B. The index B' shows the maximum temperature and stays at 
any point in its tube when the mercurial column begins to fall. Simi- 
larly, when the bulb £^ cools and its alcohol contracts the air pressure in 
B pushes the mercury down away from B' andVaises JS", which finally 
rises to a point indicating the lowest temperature. After reading the 
maximum and minimum for the day the steel index pieces are ''set" or 
drawn back to their starting places at the ends of the mercurial column 
by means of a small magnet. 

This form of thermometer has been modified by Kappeller, as shown 
in Fig. 6, in which form he employs a much shorter column of mercury 
in a long horizontal tube. The indices B^ and B'^ are therefore not liable 
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to fall down from their proper positions. Kappeller's form is ased in 
Austria, while the early form by Six and a modified form by Hicks is 
widely diffused in England and its colonies. Both tbrms are graduated 
by comparison with a standard. The bores are larger and the degrees 
are shorter than the ordinary thermometers. Owiug to the care given 
to the construction of other forms of thermom.eters Six's form has been 
left in the background as to accuracy; but it can generally be relied 
upon to within 1° F., especially in the form made by Hicks. 

38. THBHXOMBTBBS REeiSTEBINfi AT ANT MOMENT AT WILL. 

In 1874 Negretti and Zambra introduced their new upsetting ther- 
mometer (Fig. 8a). This consists of a bulb and wide tube, at the bottom 
of which is a slight constriction sufficient to break the column when the 
thermometer is upset. The upper end of the thermometer tube is 
curved like an inverted U, the other leg of which constitutes the meas- 
uring tube. If at any time it is desired to record the temperature the 
thermometer is simply rotated in a vertical plane. The result of the 
first half of the rotation is to upset the U and break off the mercurial 
column at the constriction ; the second half of the rotation throws the 
column thus broken into the measuring leg of the U, where it stays 
until the observer can make the reading and restore it to its place. 
This upset may occur at any time, and a series of such thermometers 
attached to clock-work constitutes an arrangement by which hourly 
readings of the temperature may be obtained. 

39. METALLIC THBRM0METBB8. 

The diiferential expansions of metals have been used as thermometers 
since the earliest times ; but of the very many forms devised the follow- 
ing are the most promising for accurate results. 

(a) Breguet (1817). — In this form two thin spiral bands of diflferent 
metals are soldered together ; one end of the compound spiral is fixed ; 
the other free to move. Differences of temperature, with reference to 
an initial condition, cause the spiral to coil or uncoil, and the free end 
with an attached index moves over a graduated circular arc. This ap- 
paratus may be made much more sensitive than the ordinary mercurial 
thermometer, but its use requires that the air or liquid, whose tempera- 
ture is to be measured, shall not move the coil by virtue of its own 
motion. This conditioa necessitates inclosing the bi-metallic ribbon in 
an outer case by which the sensitiveness of the whole to outside tem- 
peratures is diminished ; but very delicate portable instruments of this 
class are now made. 

(b) Hermann and Plster (1865). — In this form the two spirals are so 
soldered together that the free end unrolls in one phine and the needle 
point by which the record is made has a rectilinear motion ; the coil is 
made by them of brass and steel, and is annealed in boiling oil. This 
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form is made safficiently sabstantial to be unaffected by ordinary air 
cnrrents and is used for self registration at Swiss, German, ami Aus- 
trian stations. 

(c) Jurgensen (1841). — By reversing the temi)erature compensation 
of the balance of a chronometer, Jurgensen constructed a chronometer 
^Yhose rate was so largely affected by the temperature that it was styled 
a chrono-thermometer. Its rate during any interval depended upon 
the average temperature during that time. This, therefore, constitutes 
an integrating thermometer. The spiral spring is very sensitive to 
changes of temperature, but as the whole has to be inclosed for protec- 
tion from currents of air, it is therefore useful only when great sensi- 
tiveness is not desired. Its finest applications have been in the deter- 
mination of the daily and weekly average temperature of rooms, ovens, 
and chronometer cases. 

(d) Trmneschini (1875). — The metallic thermometer constructed by 
this maker consisted of two bars of different metals standing vertically 
side by side and otherwise unconnected. A lever extends from the top 
of one over and beyond that of the other, resting by its weight upon 
the top of both. The differential expansion of the two bars causes the 
end of the lever to describe a circular arc, and its motion is converted 
into a thermometer scale by comparison with a standard. This method, 
which is not wholly inconvenient for work in a permanent meteorolog- 
ical observatory, has, however, found its most important application 
hitherto in the determination of the temperature changes and the equal- 
ity of temperature in the horizontal bars used in geodesy for mea^ring 
the lengths of base lines. 

{e) Krecke (I860?)— In this form (see Fig. 7) a glass tube, gg^ has at- 
tached to its two ends the zinc bars Zi z^ and z^ ^ > the length of each 
being about half of that of the glass tube; the bur ah connects the two 
ends z^ and zj^ and as these ends are by their ^^Apansion moved past 
each other the motions of the bar give a magnified presentation of their 
changes in length relative to that of the glass tibe. If in place of the 
bar ab we substitute a mirror, attached to and between the zinc bars, a 
reflected beam of light may be used to read oft' the changes in relative 
position, and the sensitiveness of the apparatus thus increased. This 
arrangement is convenient for determining the temperature of the air, 
if the latter can be drawn rapidly through the glass tube. 

40. OPTICAIi THEBM0METER8. 

When polarized light passes parallel to the optical axis of certain 
crystals, as quartz, the location of the plane of x)olarization is rotated 
about the axis of the beam of light. The amount of the rotation de- 
pends, among other things, upon the wave length of light, the thickness 
and the temperature of the crystalline plate. For definite thickness and 
wave length the rotation angle of the plate of quartz increases with the 
increase of temperature. Thus for a plate whose thickness is one milli- 
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meter at the temperature of 0^ 0., the rotation, expressed in centigrade 
degrees, is given by Sohncke's formula 

p=po(l+0.0000999^+0.000308<«) ^ 

The coefBcient po is about 16.4^ for the lithium line, whose wave 
length is 0.0006745 ( it is 21.6^ for the natrium line, whose wave length 
is 0.0005888, and is 26.5^ for the thalium line, whose wave length is 
0.0005347. 

As quartz can be submitted to a wide range of temperature the de* 
termination of the rotating power of equivalent plates at an unknown 
temperature for a given ray of light allows one to calculate that tem- 
perature from the rotating power with considerable accuracy. On ac- 
count of the great stability of natural quartz crystals this method has 
been supposed by Gomu to offer special advantages in the study of high 
temperatures. 

41. BLECTBIC THBRM0MKTER8. 

The utilization of electrical properties for the purpose of measuring 
differential temperatures has been accomplished in several ways, of 
which the principal are the the thermo-electric and the thermo-resist- 
ance methods. 

(a) Thermo electric currents. — In Meiloni's thermo-electric junction the 
ends of short pieces of two different metals are soldered together in 
an alternating series, and the extremities communicate by wire with 
a needle galvanometer. According as one set of junctions is warmed 
or cooled an electr^ current traverses the wire, and the galvanometer 
needle is deflected by an angle varying with the strength of the cur- 
rent, which latter is directly proportional to the difference of tempera- 
ture of the alternate junctions. The formulae for computing the strength 
of the current, and therefore the temperature from the observed de- 
flection of the needle, are given by the laws of electro-magnetics. 
This apparatus is usually considered as an interpolation or differential 
method only, and the value of a deflection of the needle is expressed in 
thermometric degrees by means of a comparison at stated intervals 
with thermometers. The most ordinary use of the junction is to ascer- 
tain whether the radiations from two bodies have the same temperature 
or not. On the other hand Wrobleffski finds that at very low tempera- 
tures, such as — 200O C, the thermo-electric thermometer gives more 
uniform indications than the hydrogen gas thermometer, and that it is 
therefore an important auxiliary at these temperatures, and may possi- 
bly be the best means of determining the reduction to the absolute 
thermo-dynamic scale. 

(6) Resistance coils or tlie galvanic differential thermometer. — The resis- 
tance experienced by an electric current in its flow through a delicate in- 
sulated wire ordinarily increases with the temperature of the wire. The 
fact of a change in resistance is shown by the change in the deflection 
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of a galvanometer needle placed in the circuit; therefore a resistance 
coil, whose coetlicients have been determined by immersing it in water 
at several successive temperatures, as measured by a standard ther- 
mogieter, can become a means of redetermining both those and all. 
intermediate temperatures at any time. A convenient form of this ap- 
paratus for ordinary measures is given by Mendenhall (American Jour- 
nal of Science, August, 1885, page 114), The most delicate form of 
the apparatus is the bolometer of Langley,as applied to the examination 
of the distribution of heat in the solar spectrum. Ordinarily two equal 
resistance coils are balanced against each other, one of them being in 
a bath of water, whose temperature can be varied and measured by a 
thermometer. When the needle deflection is zero the coils have the 
same temperature. This form is the differential resistance thermom- 
eter, and an idea of its delicacy is obtained from the fact that Knnt 
Angstrom, in his researches on the diffusion of heat from unpolished 
surfaces, used a differential resistance thermometer for which one scale 
division corresponded to a transfer of heat to the extent of 0.000033 
gram-colories per minute per square centimeter of the surface. 

49. THBBMOMETERS FOB WATER AND EABTH TEMPEBATVBES. 

The arrangements for the observation of earth and water tempera- 
tures relate not so much to the peculiarities of the thermometer as to 
those of their exposure and use. 

(a) Temperature of the surface water, — The essential features in an ap- 
paratus for this purpose are that the thermometer case, as it is lowered 
to a slight depth below the surface, shall allow the water to flow freely 
through it, but shall then close and bring up from a given depth a 
suflicient amount of water with the inclosed thermometer, so that no 
change of temperature can possibly take place before the thermometer 
is read off. The ordinary process of raising a bucketfull from the sur- 
face of the water and dipping the thermometer into it for a minute or 
less is not adapted to giving temperatures correct to within less than 
0.50 F. 

(b) Protected thermometers for deep sea temperatures. — The tempera- 
tures recorded by self-registering thermometers when they are immersed 
under water are largely affected by the external pressure to which they 
are subjected, and the proper correction for this pressure must be care- 
fully investigated by subjecting them to the pressures produced by hy. 
draulic pumps. The correction, even to a very thick glass bulb, may 
amount to many degrees when it is subject to the great i)ressure that 
prevails deep in the ocean. This pressure effect is wholly annulled by 
adopting a special protection for the bulb (see Fig. 8). The whole ther- 
mometer is placed within a strong bottle or cylinder, which is then 
partly filled with water or mercury, above which some air remains ; the 
protecting cylinder is hermetically sealed, and when lowered to the 
ocean depths the external pressure, compressing the cylinder somewhat, 
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causes tbe water to rise an^l compress the air slightly. This latter slight 
increase of pressure is the ouly one that affects the thermometer bulb; 
the upsetting device of Negretti and Zambra makes the thermometer 
self-registering. The sluggishness of the thermometer is certainly in- 
creased by the necessity of inclosing it in liquid and thick glass; out 
this is remedied by simply allowing the whole to remain a little longer 
time in the sea water. Such protected thermometers were used by 
Sabine in 1822, and William Thomson in 1850. Protected Six'S ther- 
mometers were made by Negretti and Zambra in 1857 for Fitz R03', and 
by Casella in 1869 for Dr. W. A. Miller. The protected upsetting ther- 
Fuometers, as made by !N'egretti and Zambra, is the best form, and is 
dhown in Figs. Sa and Sb. 

(e) Earth Umperatures, — For the purpose of measuring the tempera- 
ture of the earth the special method adopted iu the early part of the 
century was to construct thermometers of large bulbs and wide tubes, 
and so long that, although buried many feet in the earth, yet the top of 
the liquid column was visible above the earth. Thermometers whose 
stems were 20 feet long liave been used. In a secoud form, introduced 
by Lamont, the thermometer is of ordinary size and inclosed iu a wooden 
tube and other nonconducting packings, and is pushed down into a 
hole in the ground, where it is left at the proper depth. The temper- 
ature of the thermometer is supposed not to change during tbe short 
time required to pull up the tubes and make the readings. Pobably a 
tenth of a degree would express the average result of the accidental 
errors introduced by raising the tube; but the systematic errors of this 
method of observation are apparently often as large as O.50. 

Electricity has been applied with great convenience to the measuring 
of the temperature of the earth or water at any spot. In BecquereVs 
method two equivalent thermo-electric junctions are used 5 one is placed 
in the ground or water to be measured ; the other in a vessel of water iu 
the observer's laboratory. Both are iu the same circuit with a galvano- 
meter needle. The laboratory bath is warmed or cooled until the current 
from one junction neutralizes that from the other. The temperature of 
the bath is then read off from a thermometer placed therein, and must 
be the same as that of the buried junction. In the electric-resistance 
method a well-calibrated resistance coil is buried in the earth and a 
similar one immersed in a bath of water. They are brought to the same 
temperature, as shown by the fact that their resistances are equal. The 
temperature of the bath is then the desired earth temperature. 

In MendenhalPs differential resistance method the laboratory bath 
and coil aire kept at a uniform known temperature, and the earth tem- 
perature computed from the observed differential resistance. 

43. RADIATION THERMOMETERS. 

(a) Black bulb thermometers. — In order to obtain a thermometer whose 
bulb absorbs all the heat that falls upon it recourse has been had to a 
covering of finely-divided pure carbon, such as lamp-black, bone-black. 
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etc. The thermal qualities of a layer of lamp-black depend upon the 
tineness and parity of the carbon (which varies with the material and 
mode of manufacture) on the thickness of the layer, and the manner 
of making it adhere to the bulb. In exact work it is therefore neces- 
sary that the absorbing and radiating power of any black bulb should 
be specially determined. 

These details have been studied perhaps most thoroughly by Ang- 
strom (Wiedemann Annalen, 1885, XXVI, page 253) and by Godard 
(Journal de Physique (2), 1887, VI, page 157). The latter finds that the 
use of gum shellac, varnish, glue, etc., must be avoided, because they 
introduce appreciable reflection, special absorption, and radiation, lie 
therefore attaches the layers of carbon to the glass bulb by means of 
very slowly evaporating pure water or alcohol, and finds that the black 
coating, though delicate, will adhere so long as the bulbs are not ex- 
posed to the wind or sudden shocks. Qodard finds that a layer whose 
thickness is at least 0.346 or 0.350 millimeter is needed in order to 
give the maximum amount of absorption of the solar rays; when the 
film is less than this it becomes partly diathermanous, and the reflec- 
tions from the glass bulb are appreciable. 

Experiments with various substances show that the limit of thickness 
increases when the compression of tbe powder increases; it also in- 
creases as the grains of powder are larger, and varies with the nature 
of the substance and the nature of the source of heat. With layers 
whose thickness is equal to or greater than the limit, whatever be tbe 
sources of heat, solar or terrestrial, and whatever be the wave-leugtii, 
the law of diffusion is the same, namely: the intensity of the difiused 
ray is equal to the intensity of normal diffusion multiplied by the sine 
of the angle of the inclination of the ray to the surface. The normal 
diffusive power increases as the wave length diminishes, and therefore 
varies with the temperature of ihe source of heat in so far as higher 
temperatures are accompanied by shorter wave lengths. As radiation 
can not exist except in connection with material molecules, and as the 
radiation that emanates from a special kind of matter is absorbed 
readily by other miisses of the same matter it is easily shown to be im- 
possible that any one kind of matter should absorb all kinds of radia- 
tion with equal facility. 

Lampblack apparently absorbs with great approach to equality all 
those radiations that bring to the earth appreciable quantities of heat, 
namely, all below the violet end of the spectrum, and has therefore 
been generally adopted for use in radiation thermometers. In respect 
to the various forms of lampblack Provostaye and Desains st^te that 
sufficiently thick layers of pine or resin soot reflect less than 0.0067 of 
the incident heat. Christiansen states the absorptive coefficient to be 
90 per cent., or reflective power 10 per cent., of the incident ray. K. 
Angstrom finds for the soot from a flame of oil of turpentine the ab- 
sorption coefficient 97.6, or the reflection 2.4 per cent.; this is based 
on the assumption that all the rays are equally reflected and absorbed. 
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This coefficient is by Angstrom found to vary with the kind of soot and 
method of preparing it } thus tho soot from steariue candles has but 
one-half the diii'usi ve powers of that from turpentine oil. He finds the 
thickness of the layer affects the results very much, as stated by Go- 
dard. He recommends first coating the metallic or glass surface with a 
galvanic deposit of platinum black, which makes the surface itself as 
strongly absorbent as is any way possible; he then applies successive 
thin layers of soot. Tyndall suggests that the glass of the blackened 
bulb should be of a kind (green) that itself absorbs nearly all the 
radiation. In the use of these thermometers for radiation purposes 
the law of radiation enunciated by Stefan in 1879 should be adopted, 
since it lias received important confirmation by the observations of 
Schneebcli (Wiedemann Annalen, 1884, XXII, page 450) and Schleier- 
macher (Wiedemann Annalen, 1885, XXVI, page 287). According to 
this law the quantity of heat radiated by any body in a vacuum is pro 
l)ortioual to the fourth power of the absolute temperature. 

(6) Nocturnal radiation thermometers, — In order to observe the ap- 
l>roximate temperature of the surfaces of leaves and othef bodies ex- 
posed by radiation at night time, the so-called radiation thermometers 
have been used. The object of the maker has been to secure great sen- 
sitiveness, and the bulbs are therefore sometimes made of hollow cyl- 
inders or a long spiral coil; however, these thermometers give the 
temperature of the mass of cooling air in contact with them, rather 
than the temperature of the radiating surface, which latter can only be 
obtained by calculations based upon actinometric measures. 

(c) Bright bulb thermometers. — A thermometer that reflects most of 
the radiation that falls upon it and absorbs only a small percentage of 
the heat is made by covering the bulb with a thin layer of polished sil- 
ver, gold, iridium,* etc. This layer should be in contact with the glass 
of the bulb, so as to allow a perfect conductivity at all temperatures. 
To secure such solid contact an elastic layer of some substance would 
seem to be necessary between the glass and the polished metal, in order 
to allow for different expansibility of metal and glass. But in jilace of 
this a thin film of graphite, lamp- black, or even mercury may be used, 
or the layer may be deposited electrically at a temperature lower than 
will occur in subsequent use, and the effect of any compression of the 
bulb by the layer at low temperatures can be experimentally allowetl 
for. The initial electrolytic compression has been carefully studied by 
E. J. Mills (Proc. Koy. Soc. London, 1877, XXVI, p. 604) and by E. Bouty 
(Journal de Physique, 1879, Till, p. 289), who find that each successive 
layer of metal depOsSited electrolytically compresses moie tightly thoi?e 
beneath it, the total pressure on the bulb amounting to 108 atmos- 
pheres in one case. Therefore the thinnest layers allowable for radiation 
thermometers should by a scratch or crack be made to relieve the glass 
bulb of any pressure before being used. 

* These are very beautifully executed by Brashear, optician, of Pittsburgh, Pa. 



CHAPTER VI. 

THERMOGRAPHS. 

The continuous record of atraospheric temperature has frequently 
been sought to be attained during the past century, and is an impor- 
tant feature in modern meteorology. In general the record of fixed 
thermographs must be converted into true air temperatures by com- 
parison with standard instruments and the application of resulting 
corrections. 

The force required to make a continuous record is an obstacle pre- 
venting the use of very delicate thermometric apparatus. The present 
chapter describes the forms of apparatus that attain sufficient accuracy 
and are in any extensive use, classifying them according to the prin- 
ciples involved in registration. 

44. THE PHOTOGRAPHIC METHOD. 

This form of registration, which is applicable both to wet and dry- 
bulb thermometers, can undoubtedly be made the most accurate, but it 
has the objection of all photographic records, that it requires much 
time and expense to keep it in operation. The phin of this apparatus, 
as designed by Beckley, and made by Gasella, of London, is as fol- 
lows (see Fig. 9) : Hs a dry-bulb thermometer and m the wet bulb. 
These thermometers have long bent tubes with two bends, as shown; 
near the top of the mercury column in each stem there is an air bubble, 
which separates the column. ,G is a screw for regulating the height of 
thermometers; the light from the lamps is thrown on the mirrors n and 
k by the condensers / and i, and is then thrown through the slits o o, 
and through the air bubbles in the thermometer tubes, so that the 
images of the bubbles are made to appear on the surface of the revolv- 
ing drum G by means of the lenses e e. This drum turns by clockwork, 
and has prepared paper wrapped around it; b is a shutter which is 
made to pass automatically before the light every two hours and cut 
off the beam for a few moments; these breaks in the photographic reconl 
are used as guide points in making the reductions. 

43. THE METALLIC THERMOGRAPH. 

The use of the metallic thermometer is the most common on account 
of its simplicity and the small liability to get out of order. There are sev- 
eral forms of this instrument in use, the Hipp, Hottinger, Wild-Hass- 
ler, Draper, Richard, etc. The Wild-Hassler fhermograph is arranged 
Its follows; The thermometer consists of a compensated spiral, made of 
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a Strip of steel and brass, aboat a meter ia length. The inside end of 
this coil is fixed firmly to a stand, and the outside free end (which moves 
by contraction or expansion, due to changes of temperature) has a steel 
magnet screwed to it in a radial, horizontal direction ; this latter gives 
a spiral motion to a vertical rod of soft iron. The motions of this lat- 
ter are communicated to a parallel pointer by means of a common axis, 
both rod and pointer being in rigid connection with this axis, which is 
supported on hardened steel surfaces. The vertical pointer has a hor- 
izontally-placed needle point, and this point is pressed against the 
paper at stated intervals by an arrangement similar to that employed 
in the Wild-Hassler barograph (see Fig. 28). A change of 1^ C. causes 
the pointer to move over a space of 3"*«». 

This linear expansioq of metal bars due to increase of heat can be 
recorded, and the instrument may be rendered very sensitive by a 
proper combination of such rods and levers. 

46. ELECTRIC CONTACT THEBXOMETKR. 

The mercurial thermometer with electric contacts is used iu the 
instruments of Theorell, Hough, and Secchi. 

A thermometer with large bulb, which gives considerable range to 
the mercury iu the tube for small changes of temperature, is chosen. 
This bulb has a platinum wire sealed into it, so as to make metallic 
connection between the mercury in the bulb and the outside of the bulb. 
The upper end of the tube is left open, and a fine platinum wire descends 
into the open tube; these two platinum wires are a portion of an elec- 
trical circuit, and when the platinum wire within the tabe is made to 
touch the mercujy surface in the tube the circuit becomes closed. 

The platinum wire in the tube is made to descend by clock-work at 
regular intervals^ when the wire comes in contact with the top of the 
mercury in the thermometer tube the resulting closing of the circuit 
causes to be registered automatically the distance which the platinum 
point descends in order to touch the mercury surface. By this means 
the thermometer reading ma^' be recorded iu degrees and tenths iu 
printed figures, or a curve of points may be recorded, which must bo 
reduced tQ figures by interpolation by means of direct observation. 
This method has the one objection, that the mercury does not alwaj's 
show the same condition of snrfiieo, and it is difficult to keep the sur- 
face clean, even when a covering of oil is used to prevent the oxidation. 

So large a bulb is necessary that the thermometer is somewhat slug- 
gish in action. 

47. MANOMETER THERMOGRAPH. 

Numerous forms of pressure thermographs have been proposed, but 
in general they can be divided into two kinds : First, gas thermometers, 
and second, those in which some sort of liquid is used in the closed ves- 
sels instead of air. The general construction of the former is as fol- 
lows (see Fig. 10) : 

An air-tight vessel, a, made of sheet metal has a capillary tube, 6, con- 
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nectlDg it with a mauometer tube, D, which coataius mercury. The 
tubes b aud D are conneicted by a rubber tube, c, to permit motions of 
the tube i> iu the vertical. The vessel a is located at the place whose 
temperature is to be determined. The gas in a takes the temperature 
of the place, and is either contracted or expanded as the place gets 
colder or warmer. The change of pressure resulting from these changes 
of temperature of confined air are communicated to the mercury.in i> 
iand cause fluctuations in the position of the surface of the mercury in 
the manometer tube. Lamout, Osnaghi, Eeguault, Schreiber, Sprung, 
etc., have proposed various forms of this instrument, some of which have 
been constructed. Probably the best that have been put into actual 
use are those of Schreiber and Sprung. The former is in use at the 
Deutsche Seewarte in Hamburg, and the latter at Magdeburg and 
2Sx)andau. 

{a) The Schreiber Thermo-barograph, — The Schreiber thermograph 
(and barograph) is described in the "Oester. Zeit. fiir Meteor.," Vol. X; 
" Carl's Repertorium," Vol. XIV, and also in the annual volume ( Aus dem 
Archiv) of the Deutsche Seewarte, Vol. I. The registration apparatus 
for temperature is on the principle of the balance barograph (see 
Fig. 11). The copper air vessel Ay which is in a shelter on the north 
side of the building, contains 5 liters of dry air, and the leailconnecting 
tube B is 4"^°° inner diameter and 5 meters long. 

The glass tube 2> is suspended from the wheel F pivoted at E, and is 
immersed at its lower end in the mercury in the cup C. The weight O 
counterpoises D and carries the marking pencil, which makes a record 
at stated times by automatic action of clock-work. 

The tube B passes through the mercury in C and has its opening 
within />. It is readily seen that an increase in the temperature of A 
will cause D to rise aud O to fall, and the curve of these fluctuations is 
used for determining the true temperature at A. 

A somewhat similarly arranged self-registering thermometer is used 
for obtaining the temperature inside of the baro-thermograph case to 
be used in the reduction of the barometric observations. In this latter 
case a temperature change of l^C. in the case causes a motion of 15""» 
on the barometer record and a change of 27™™ on the inside ther- 
mometer record. A change of 1° C. in the temperature of A causes a 
motion of 7.4™™, while a change of 1^ for the inside of the thermo- 
metric registering case causes a motion of only 0.5™™ on the registering 
thermometer. 

Schreiber's theoretical formula for the reduction of his thermograph 
curves or thermograms is • 

i=^o+0.1393i?-0.4z/6+0.07r 

which is obtained a priori by a study of the relations and dimensions of 
liis apparatus. 
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In this formula ^ is a constant, which is dependent on the position 
of the axis of abscissas of the thermograui ; x is the ordinate; J&, the 
change in barometer height as recorded by the barograph. (For the 
complete theory of Schreiber's thermograph see CarPs liepertorium, 
Bd. XV.) 

In practice, by inserting A in melting ice and water of varions known 
temperatares, from 0^ G. to 34^ C, the following formula has been ex- 
perimentally obtained by Schreiber: 

t=<o+0.1334j?-0.422J6+0.07r 

whence the accuracy of the apparatus is evident. 

(b) The Sprung thermograph. — As early as 1878 (Oester. Zeit. flLr Me- 
teor., 1878) Sprung proposed a form of self-registering air thermometer 
with balance registration ] a more definite form was given to his idea in 
1881 (Zeit. f. Inst., 1881), and he then thought of closing the open end 
of the manometer and thus excluding the change of atmc spheric press- 
ure. He finally decided to use the open manometer, however, in the 
instruments finally constructed by Fuess for Magdeburg and Spandau. 

In the " Zeitschrilt f. lustrumenteukunde," June, 18S6, Sprung gave 
a description of his baro-thermograph, and the theory of the working 
of the instrument. The construction of this instrument can best be ex- 
plained by aid of the following diagram (see Fig. 12). Its complete 
mathematical analysis is reserved for Chapter X, in connection with the 
description of the barographic registration. 

A tube, P', has its upper end in communication with a gas reservoir, 
J., by means of a fine lead tube. The lower end of P' is immersed in an 
iron cistern, P/, contaiaing mercury; this cistern is supported from a 
knife-edge on the right-hand end of a balance beam. An expansion of 
the gas in the reservoir A causes the mercury to flow from P' to P/, and 
consequently causes the right arm of the balance beam to descend; 
this descent is immediately counteracted by the rolling counterbalance- 
wheel li'. A decrease in air pressure also causes the weight pf Pi' to be 
increased, but this is counterbalanced by the decrease in weight of the 
barometer tube P, which is also suspended from the right arm of the 
balance beam. The changes of temperature of the gas in the reservoir 
are thus recorded directly by recording the motions of the rolling 
wheel u', (For further details see Chapter X.) 

In place of a gas a liquid may be confined in the reservoir of an air 
thermometer Ol:^ in a tube, and its expansion or contraction communi- 
cated to a registering apparatus. For example, at the Montsouris 
Observatory a long copper tube infilled with alcohol and arranged for 
registration. In the Richard thermograph a Bourdon-pressure tube (see 
Chapter X) is filled with alcohol and the differential expansion produces 
a change in shape of the tube precisely similar to that produced by air 
pressure. 



REPORT OF THE CHIEF SIGNAL OFFICER. 105 

In all cases where large vessels of air are used, as thermometer bulbs, 
there is a very appreciable sluggishness, which is usually diminished by 
using cylindrical vessels. The theory of the conduction of heat iu the air 
within a spherical bulb is given by Maurer (Schweiz. Met. Beob., XIX, 
18S2). He finds that if a copper sphere whose radius is 10 centimeters 
has its surface temperature suddenly raised 5^ C, then in four minutes 
the average temperature of the whole sphere will be raised 4.9o. For 
^ sphere filled with a fluid the effect of interior convection hastens the 
attainment of a uniform interior temperature, and the time required is 
only about one-third of that necessary for conduction alone to equalize 
the temperature of the mass. If the air temperature is changed very 
gradually, instead of suddenly, then, as in the mercurial thermometer, 
the bulb will follow the air at a longer interval. 

4S. AUTOMATIC POSITION THEBNO MEIERS. 

(a) Negretti and Zamhra^s upsetting thermometer. — A simple and sat- 
isfactory hourly register of temperature was in 1874 introduced into 
use in England by Negretti and Zambra. This apparatus consists of 
twelve thermometers on a stand, each thermometer being in such a con- 
nection with a clock-work that it can be inverted at the proper hour 
or at any chosen time. 

The construction of the thermometer is shown in Fig. 8. Near the 
bulb is a double contraction of the tube with a little chamber between 
the narrowings, and at the upper end of the tube there is a chambei* 
similar to the calibrating chamber of an ordinary standard thermometer. 

In the ordinary position of the thermometer the mercury fills the 
capillary tube and partly fills the little chamber. If, now, the ther- 
mometer is inverted the column breaks at the contraction near the bulb, 
flows through the small chamber down into the measuring tube beyond, 
leaving a clear space between the bulb and the top of this inverted 
column. 

The graduations on the measuring tube are numbered backward from 
its end, and the length of the column representing the temperature at 
time of inversion can thus be read off when the instrument is iu this in- 
verted position. 

(6) KreiPa balanced thermometer. — The Kreil thermograph is a ther- 
mometer with a long large cylindrical bulb. The thermometer is bal- 
anced on a knife-edge; when the temperature is increased the long end 
of the thermometer becomes heavier and falls, the bulb end rising. Of 
course, the opposite takes place when the temperature decreases. The 
rise and fall of the long end of the thermometer is registered by me- 
chanical means, and can be made on any convenient scale. The appa- 
ratus is very sensitive but can not be used where the currents of air can 
;affect it mechanically. 
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49. BEOICTIOV OF THERMOtiRAPU RECORDS. 

All of the for»u8 of self-registers require more or less prelimiuary cal- 
calatioD before the instrument can be constructed ; but these computa- 
tions are usually rather in the nature of limits than definite results. 
For instance, in the case of the open-top thermometer the relative size 
of the bulb and the diameter of the tube must be carefully determined^ 
as the tube must be large enough to admit the platinum wire, but still 
it must not be so large that the degree divisions will come too close to- 
gether. So with the other forms of instruments various points must 
be considered. 

Few inventors have given much study to the errors peculiar to the 
instruments, and in no case, except that of Sprung and Schreiber, have 
they been able to assign constants to an instrument so as to use it 
without comparison with an ordinary thermometer for determining the 
actual constants of the self-register from day to day. 

Schreiber (Carl's Repertorium, Vol. XV), Sprang (Zeitschrift fiir lu- 
strumentenknnde, 188G), and Maurer (Annalen der Schweizerischen 
Meteorologischen Central-Anstalt, 1883, Bd. 19) have, however, given 
computations based on theoretical considerations as to the action of the 
thermographs, the two former treating of their own inventions, and 
Maurer of the spiral metal thermometer. 

The Sprung and Schreiber forms require essentially the treatment 
necessary for a manometer and gas thermometer, in which, however, 
the measuring is done by a balance instead of a cathetometer. 

In the metal thermometer the coil, which is nearly an Archimedian 
spiral, must be investigated for the effects of elasticity of the metals, 
and this is by no means an easy matter, and at best computation can 
give only very approximate results. 

(a) Metlwds of reduction. — The records of the Wild Hasslcr thermo- 
graph are reduced as follows: 

Measure the length of the ordinate of the curve for the times when 
direct control observations are simultaneously made (three times daily) 
on any ordinq,ry mercurial thermometer, mounted in the same shelter 
as that of the thermograph. This gives ninety control observations for 
a month. Arrange the ordinates and corresponding thermometer read- 
ings according to the length of the ordinates, and divide the series 
into nine groups of ten each. Take the mean of each group. 

The observed temperatures t and the measured ordinates x are con- 
nected by the simple equation 

t=za+hv 

where a and h are the constants to be determined. 

Substitute the mean t and the corresponding mean x in this equation 
for each group and we have nine equations. Tiiese are to be solved for 
a and h by the method of least squares. 
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When it is desired to flad the temperature corresponding to any ordi- 
nate of tbe thermogram, insert the constants a and h and the numerical 
value of J?, and compute the required value of t from the above formula. 

In the reduction of a series of observations much time will be saved 
by computing t for various values of x, constructing a graphical table 
therefrom, aud using this graphical table for the interpolation of inter- 
mediate values. The reduction must be gone through with for each 
month of the year. 

The reduction formula of the Schreiber thermograph has already 
been indicated (page 104); Sprung for his thermograph uses the empiri- 
cal formula 

T=- 0.030+ 1.2220^ 

where r is the mercurial thermometer reading in centigrade degrees, 
and t that of the thermogram. 

(h) The accuracy of thermographs, — Let the registrations of a ther- 
niometer for some month s or a year be reduced by means of the direct 
tri-daily control observations. Then find the outstanding deviations of 
the registrations, at the time the control observations are made, from 
the direct observations made by means of mercurial thermometers. 
The average of these deviations, taken without regard to sign, or, more 
accurately, the square root of the average square, may be assumed to 
show the accuracy of the registrations, regarding the mercurial ther- 
mometer as a standard. 

For the best instruments, such as the Sprung and Wild-Hassler ther- 
mographs, careful reduction gives an average deviation of about 
±0.150 0,. but single cases occur where the barogram differs by O.50 C. 
from the direct observations. For the photographic registration it is 
safe to say the average deviation is not moVe than 0.1° C. In a recent 
letter • Professor Carpmael states that for the Toronto photographic 
system the maximum difference (barograph — eye) during three months 
was ±0.30 F., and the average deviation ±0.066o F. 

Sprung has remarked, however, that in his system the closed metal 
gas reservoir must be carefully sheltered, and perhaps in a different 
manner from the mercurial thermometer, in order to give the true air 
temperature. He found in the experiments with his thermograph that 
two mercurial thermometers exposed side by side showed frequent 
differences of O.40 0., or as much as the deviation of his registering in- 
strument from the standard; therefore his instrument possibly has an 
actual accuracy closer than that indicated above, as the standard may 
have been influenced by the shelter used. 



To Profesejor Waldo, who lias assisted in tbe preparation of this chapter. 
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CHAPTER VII. 

TBE BABOilETEn IX OEXERAL. 

% 

;^0. ITALIAN ORIGIN. 

Galileo first taugbt that the air has weight; his pupil, Torricelli, 
brilliantly demonstrated this truth by showing that the weight of the air 
will uphold a column of water, and, in the course of his first series of 
observations, the occurrence of variations in the weight of the air be- 
came apparent. Subsequently it was seen that the air is an elastic 
fluid; that its vertical weight is transmitted in all directions by it as an 
elastic pressure ; that the barometer measures an elastic pressure by 
m^ans of the vertical pressure due to the weight of a vertical column 
of liquid. * 

The pressure of the air will not only uphold a liquid column, but will 
compress elastic bodies, includiug the air itself; upon this pressure de^ 
pends the refractive index of the air, which varies with its density, 
the boiling-points of liquids, and other phenomena. Upon these and 
other properties various forms of the barometer have been based. The 
mercurial barometer is adopted as the standard, while other liquid 
barometers and barometers depending upon the comi>ression of elastic 
bodies, and upon other properties, are used for difiterential measures. 

The mercurial barometer, in its elementary form (see Fig. 13), con- 
sists of a vertical glass tube, A, hermetically sealed at the top and 
opening at its lower end into a basin of mercury. If by any means the 
air is entirely exhausted from the tube the mercury will rise to a height 
of about 30 inches (or less if the instrument is far above sea level) and 
remain there nearly stationary, leaving the upper portion of the tube 
entirely vacuous. 

The elementary laws of hydrostatics show that the downward and 
upward pressure in a section of the tube at B must balance each other, 
and therefore the pressure due to the weight of the mercurial column 
BA must eq,ual the pressure of the layer of air contiguous to the free 
surface of the mercury in the reservoir. Barometry is the art of meas- 
uring the height of this column of mercury, and deducing therefrom 
the pressure prevailing in the free air at a given place and time, as 
expressed in standard units of force. A normal barometer is one by 
which this object is accomplished with the greatest attainable accuracy, 
while ordinary standard barometers giving less accuracy wiih greater 
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expedition are to be considered as substandards, whose errors have been 
determined by direct or indirect comparison with the normal. 

The forms in which the barometer has been made may be classified 
as follows: 

(1) Cistern barometer with fixed zero point. 

(2) Cistern barometer with variable level or zero point. 

(3) Siphon barometer without cistern. 

(4) Siphon barometer with adjustable cistern. 

# 

31. CISTERV BAROMETER WITH FIXED ZERO POINT. 

In this form a broad cistern is provided such that the eflfect of cap- 
illarity on the mercury in it is very much diminished. The surface of 
the mercury in the cistern is adjustable and the scale is fixed in its 
position. The observations are made either by adjusting the surface of 
the mercury in the cistern to coincidence with the zero point, and then 
reading the scale division at the top of the column, or by reading the 
scale divisions both at the bottom and top of the mercurial column 
without adjusting the mercury, and then taking the difference of the 
two readings. The former method is that used in the ordinary portable 
barometer first adopted by Fortin, and subsequently by Ernst, Green, 
Adie, Beck, and other makers^ the latter method is followed in using 
the normal barometer at Kew. 

;^i». CISTERN BAROMETER WITH TARIABLE LEVEL. 

In this form, as first made by Kappeller, the mercury flowing in and 
out of the tube alters the level of the surface of the mercury in the cis- 
tern in the ratio of the sectional areas of the cistern and the tube. So. 
long as the quantity of mercury remains the same and the cistern and 
tube are unchanged a given reading at the upper end must corre- 
spond ts> a definite position of the lower surface. In making an obser- 
vation the scale reading at the top of tlie column only is taken and a 
correction for the level of the lower surface is applied. This correction 
may be computed andapplied numerically, as in the Kappeller form, or the 
scale divisions may be contracted suflSciently to allow instrumentally for 
the change of level in the .cistern, as in the modern Kew form. In this 
latter self correcting form the quantity of mercury is adjusted so that 
the scale has its correct length for a height of one atmosphere; the 
readings need then only slight additional corrections, that are to be 
determined by comparison with a standard instrument. As a check 
against changes in capillarity or in the volume of mercury the compari- 
sons should be frequently repeated. 

The Kappeller form, with numerical correction, after having been for 
some time in use by seamen, was adopted by Kreil in 1851, for use at 
Austrian stations. The formula for its correction is given in Jelineka 
Anleitung, etc., Vienna, 1884. 
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93. 8IPH0X BABOMEtfeB WITHOUT C18TEBV. 

la its simplest form this consists of a U-shaped tube, bn^ of whose 
legs is about 3 feet long and sealed at its upx>er end, while the other 
leg is short and open. The height of the mercury is read off on a fixed 
vertical scale, and the difference of the two readings gives the height 
of the column. In this form a falling pressure produces in the open 
leg a rising and very convex mercurial surface, but for rising pressures 
the reverse is the case. Consequently the capillary corrections are 
very uncertain. 

94. SIPHON BABOMBTEB WITH ADJUSTABLE CISTEBlf. 

In this form the long and short legs of the siphon are separate tubes 
fastened to the top of a cistern box full of mercury, whose volume can 
be increased or diminished by the turning of a screw. The advantages 
of this form are, (1) by diminishing the cistern the mercury in both 
legs may be made to rise and present a surface of maximum convexity; 
(2) by taking readings of the mercury when at different heights in the 
tube the effect of any air in the vacuum chamber may be determined, 
since the volume of this chamber is thus altered at will. This form is 
substantially that adopted in all the new normal barometers and in 
the portable-station barometers made by Fuess (see Fig. 18). 

S:i. NOBMAL BAB0METEB8. 

The elaborate investigations of the latter form of barometer that 
have been made at St. Petersburg, Paris, and Berlin have served to 
exhibit the errors of the past barometric work in physics and meteorol- 
ogy, and to show the possibility of attaining results more nearly in ac- 
cord with the needs of modern science. The standard of barometry 
adopted by recent meteorological conventions is that of the Interna- 
tional Bureau of Weights and Measures at Sevres, and extensive com- 
parisons between the normal barometers at that bureau and the stand- 
ards of the meteorological services of the world are in progress. 

Institutions that have no normal barometer frequently adopt a high 
grade siphon barometer as a provisional standard. The accompanying 
engravings will illustrate the construction of the best normal and stand- 
ard barometers. Fig. 14 shows the normal, devised by Wild for the 
Central Physical Observatory at St. Petersburg. Fig. 16 shows that 
constructed by Fuess for the Normal Standards Commission at 
Berlin, and Fig. 16 that constructed by Turrettini for the Interna- 
tional Bureau of Weights and Measures at Sevres. These all embody 
the idea of separate vertical tubes for the vacuum and the open -air 
chambers, respectively, and the scale readings are made upon an in- 
dependent vertical divided bar by means of reading telescopes ; the 
volume of the vacuum chamber can be varied at will, as also can the 
portion of the divided scale, to be used in any given reading. Fig. 
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17 shows the standard devised by James Green in 1879 for the use of 
the Army Signal Office. In it no provision is made for determining the 
correction for imperfect vacuum. Fig. 18 shows the form of porta- 
ble siphon barometer, known as the WildFuess pattern; slight modi- 
fications of this pattern are due to Koeppen, and in one or the other of 
these forms it is now extensively used in the comparison of barometers 
used at the stations with a central standard. With six of this form Mr. 
Waldo made his extensive international comparisons in Europe and 
America in 1883 to 1885, the results of which are published in the Sig- 
nal Service Monthly Weather Beview, February, 1886. 

[Since wdtiDg the above there has appeared Sandell's Barometric Comparisons 
during 1886 and 1887, using his own modification of the Wild-Fuess pattern in which 
Mendeleeff's capillary tube is utilized (see section 63)]. 



CHAPTER VIIL 

THE CORRECTIONS OF THE NORMAL MERCURIAL BAROMETER; INTER- 
NATIONAL COMPARISONS. 

In most forms of both normal and ordinary mercarial barometers the 
same causes operate to affect their accuracy ; consequently a classifica- 
tion and treatment of the individual sources of error necessary to be 
considered in the use of a normal barometer will include the correc- 
tions applicable to less accurate instruments. Any special forms in 
which the corrections enter will be indicated for each form of barometer 
in the following sections on barometer corrections. 

(16. €ORBS€TIONS FOB ERB0B8 IN fiBADFATIOIT. 

The corrections for the errors of subdivision at every part of the scale 
are obtained Vy some method of calibration. Any errors of apprecia- 
ble magnitude in the graduations of the vernier are so troublesome to 
correct for that only those scales should be used for verniers whose 
graduation is more accurate than the desired limit of accuracy in the 
resulting measures ; thus, if the degree of accuracy desired for the 
resulting measures is one thousandth of an inch, then, whatever be the 
errors in the graduation of the main scale, there should be no error 
amounting to 0.0005 inch in the subdivision of the vernier. 

Method of calibration. — ^The following method for determining the 
errors in the graduations of a rule or scale, first developed by Hansen, 
is given as arranged by Broch for use at the International Bureau of 
Weights and Measures (Travaux et Memoires, tome Y, 1886). 

Suppose that the scale to be examined is divided into n parts by 
graduations very nearly equidistant; 

I^t Xi X2 X3 • • • • Afn+i be the desired corrections to be applied 
to the readings of the successive graduations j?, p+ly .... p+n. 

To find these corrections each unit interval of the scale, viz, 

[fromjptop+1] [2>-f 1 tojp+2] .... [p+n--ltop+n] 

is compared successively with a similar unit interval, Ln taken on the 
same rule, or on another rule, and the correction to which, on the ideal 
scale, is A„, so that -Li=l+A^. 
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DesigDating by axatOj . . . . a, , the differences fooad in com- 
paring Li with the snecessive n intervals, we have 



y 
Aq — 



[pto{p+l)] =a, 

[(J.+1) to (i»+2.] =a, 
f(p+2) to (j»+3i] =«3 



whence 



whence 



Li-[{p+H-l)to(,p+n)]=a, 

a+K)-n+x*-xi) =«i 

(l+A.)-(l+;r.+.--»-.)=«. 

K+xi—Xi =«i 
K+Xi-x* ="3 



''n + vT. Xn+\ "• 



Similarly each of the (n-1) intervals, whose length is^qaal to two 
nnits of the scale, namely. 



[ptoj»+2]; rp^ltoi>+3]; [p+2toi»+4] 



[j»+ii-2tojH-n| 



is compared with an interval, Lj , whose value is about two units of the 
scale and whose correction to reduce to the ideal scale is A._i, whence 

i»=2+A._, 



Designating by fti 61 63 .... 6., the differences found in compar- 
ing successively Xi with the n— 1 intervals, we have 

Li-{pto(p+2)] =ft, 

Lt-[U>+1) to {p+3)] =bt 
Lt-[(p+2) to (/)+-l)J =6, 



L,-[{p+n-2) to (/>+n)l=6._, 



whence 



(2+A._.) 
(2+A._,) 
(2+A,_,) 



(2+Aj 

(2+^4 

i^+X^ 



Xi) 
-Xi) 






(2+A,^.)-(2+j',+,-,v._,)=*.-, 



REPORT OF THE CHIEF SIGNAL OFFICER. 117 

whence 

K-i+Xi—Xi =^8 
K-i+Xi—x^ =^3 



In the same way comparisons are continued with the intervals 

L2=3+X^^^; X4=4+A^_„ etc., 

whose values are very nearly 3, 4, etc., units of the scale. 
The last comparison will be that of an interval of n— 1 units 

with the two intervals on the scale 

[p to (p+n-1)] and \(p+l) to {p+n)] 

Designating by Jci and Jc2, the two differences resulting from this last 
comparison, we have 

A-i-[i> to (p+n-l)]=A:i L,^^^[{p+i) to {p+n)]=h 

whence 

(n-l+A2)-(?i-l+;t»->ri) =*^i 

(n-.l+?i2)-{n-l+Xn+i-X2)=h 
whence 

^%+Xl—Xn = h h+X2—Xn+l = h 

If in any way the total length L^ of the scale under examination, 
between its extreme limits p and p+n^ is known in terms of some 
standard unit, and if this length has thus been found to be subject to 
the correction Ai to reduce it to the ideal'scale, we shall have the equa- 
tion 

L^^n+Xi 

or 

[p to (i>+W)]=:»+Ai 

whence 

{n+Xi)=(p+n+Xn-^i)-{P+Xi) 
or 

Ai-h^i-^„+,=0 

If the interval \pU) {p+n)] is accepted as a fundamental interval 
equal to n ideal or mean units, we shall have 

in this way there results 

n+(n-l)-f(n-2)+ +2+1=^"^^ 

equations of condition between the n+1 corrections x to wit : 

Xiy X2 » ' ' ' Af «+i J ^^1^^ tlion corrections A to wit: Ai, A2 . . . . A.. 
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Of these 2 n+1 corrections A. is known in advance by a special stady, 
or is supposed equal to zero ; the same is also true of ^. There are then 

in reality only 2 w— 1 unknowns to be found from ^i?^i—' equations of 

condition. These are therefore to be solved by the method of least 
squares, the resulting formulte and computations are similar to those 
already given for five subdivisions in the section on calibration (see 
section 17.) 

97. FUNDAMENTAL LENGTH. 

The length of the divided scale of the barometer is usually at least 800 
millimeters, or 32 inches, but for normal barometers 1 meter, or 1 yard. 

(a) The distance between the two extreme points of the scale be- 
tween which the calibration has been effected is the fundamental 
length. This distance must be known accurately in terms of the stand- 
ard measure, and for this purpose the scale is compared with an official 
standard, the result of which comparison is expressed as follows: ^'This 
scale of ... . inches (or millimeters), when lying horizontally 
at the temperature of the freezing-point, is ... . inches (or milli- 
meters) too long (or short)." 

(b) As the barometer scale must be used in a vertical position, and 
as in some forms of the instrument the scale supports a considerable 
weight, it is necessary to determine what additional correction to the 
fundamental length is due to elastic compression or extension. 

The total correction for fundamental length is the sum of the correc- 
tions resulting from the horizontal comparison with the standard and 
the change due to elasticity and temperature. 

If the vertical divided scale is supported at its center so that the 
upper half is compressed, but the lower half elongated, and by its own 
weight only, then the length of the whole scale is not sensibly changed; 
but as the lengths of separate portions may be changed, it is therefore 
no material advantage to support the scale at the center as suggested 
by some, and the computation is simpler if we consider that the whole 
scale is extended by the weight of the barometer, as in the ordinary port- 
able instrument, or is compressed, by its own weight alone, as in most 
forms of construction of normal or standard barometers. The amount 
of this compression or extension can be determined experimentally for 
each instrument by attaching known weights to the top or bottom of 
tha barometer and comparing the scale so altered with a standard par- 
allel to it. The effect of a unit weight upon the length of the scale has 
then to be multiplied by the actual weight which the scale supports. 
If the area of the section of the scale and the weight that it supports 
and the modulus of elasticity proper for the material are known the 
elastic effect may be computed directly by the formula 

weight X length 
section X modulus. 

For example, a brass scale 30 inches long and one-tenth of a square inch 
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in section sapports a weight of 10 pounds; Young's modulus for brass 
for 1 square inch section is 15,500,000 ; whence the extension will be 
0.0002 of an inch. A direct determination of this extension should be 
made by measurement with the cathetometer if the scale is known to 
be supporting a weight at all approaching a limit such that a permanent 
set in the length of the scale is possible. 



^ 58. TEBTICALITT. 

According to the laws of hydrostatics the vertical distance between 
the free sur£a.ces of the mercury in the vacuum chamber and in the cis- 
tern or free-air chamber is the desired measure of the pressure normal 
to the surface in the cistern ; consequently the divided scale by which 
the measures are made must itself be vertical; if inclined to the hori- 
zon it represents the hypothenuse of a triangle whose vertical side is 
desired. 

Let the length measured along the hypothenuse be h, and the angle 
of inclination to the vertical be i, then the true vertical length desired 
will be 

A'=^cosi 
whence the correction for verticality of scale is 

^— A'^A(1— cosi)=2&sin ~ 

The following table gives the amount of this correction for deviations 
up to 5 degrees for lengths of column of 20 and 30 inches : 



Indina* 
tion i. 


2«in| 


Correction for 

« barometer 
20 inches high. 


Correction for 

barometer 
SOincheahigh. 


o 




Jnehe*. 


Inches. 


1 


.00015 


—0.003 


—0.004 


2 


.00061 


— .012 


— .018 


3 


.00137 


— .027 


— .041 


4 


.002U 


— .049 


- .073 



An inclination of 1 or 2 degrees is not readily detected by the eye; 
it is necessary therefore that a plumb-line be attached to the barome- 
ter, or some other means be adopted for determining the verticality of 
the scale. 

In the cistern barometer, as ordinarily constructed, the instrument, if 
it hangs by a hook, should be so balanced that the scale can not deviate 
sensibly from the vertical; but when the cistern barometer is fastened 
at the upper and lower ends, or when, as in Green's standard, its ver- 
ticality depends entirely upon the adjustment of the base plate, or 
when an ordinary free-hanging barometer is steadied by the observer 
when making an observation by holding the cistern in the left hand. 
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then a deviation from the vertical is not a rare oconrrenoe. Sach a 
deviation introdaces in these forms of instrnments the two following 
errors additional to the above. 

In the cistern barometer, as shown in Fig. 19, the graduated scale 
BO is attached to the tabe and is parallel to the axis of its bore. The 
measurement that ought to be made in this axis from the top of the 
mercury at a to the point b vertically below it is ipally made along the 
scale by transferring to it the top of the mercury (a or a') and the ivory 
point {b') in the cistern. The upper transfer is made by the lower edge 
of the vernier, which is perpendicular to the scale and tangent to the 
mercurial meniscus ; the lower transfer is made ordinarily by assuming 
that the ivory point V and the zero of the scale d are on the same level 
as the central axis at b} but when the barometer is tipped out of the 
vertical the meniscus is deformed and the distance between the tangent 
points a and a', as measured parallel to the scale 80, introduces an error 
in the measured height of the barometer. Again, the tipping of the 
ivory point and the zero of the scale, raising one above and the other 
below the level of the bottom of the axis of the bore, thereby introduces 
an error equal to the difference of level. This error may be either 
positive or negative, and is a maximum when the tipping takes place 
in the vertical plane through the ivory point and the scale. The dia- 
gram shows the maximum effect on the assumption that the ivory point 
is in the same plane with the scale 80 and the axis a5, and on the oppo- 
site side to the scale. Let the distance of the ivory point from the axis 
be d and its depression below the zero of scale be p when the axis is 
vertical ^ let the distance of the scale from the axis be d'^ then the two 
cistern corrections for verticality, when a maximum become 

p cos t±d*sin i 

In Green's portable barometer the distances d and d' are about one- 
half inch, and in Green's standard barometer about 2 inches; there- 
fore the correction for an inclination of 1 degree in these instruments 
will be, respectively, 0.0088 and 0.035 inches. It is evident therefore 
that for ordinary station barometers, if an accuracy of O.OI inch is to 
be attained, the scale must be within one-half of a degree of the true 
vertical. 

The error at the meniscus is illustrated by the accompanying figure 
No. 20. The deformation of the shape of the meniscus when the lube 
is tipped at an angle i causes the horizontal point of the surface to be 
transferred from a to a''; but as the vernier plate remains perpendicu- 
lar to the axis, the point of tangency moves higher up the scale and 
becomes a'. Therefore the plane tangent at a' cuts the scale 80 at a 
point above that which would have been observed if the vernier plate 
could have been set upon the proper level a", and the correction of the 
scale reading is — a' a" sin i cos i for wide tubes, the displacement a V, 
and the resulting correction becomes quite large. 
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59. TBANSFBBRINe THE LETEL OF THE MERCURY TO THE SCALE. 

In onliuary station and portable barometers a brass tnbe surrounds 
the glass tube, and two sight lines, which are the bottom edges of two 
plates of brass, define a plane perpendicular to the tube; to the front 
brass plate is fastened the vernier that slides along the scale. The 
observation consists in keeping fbe eye in this definite plane, which is 
slowly raised or lowered until it appears tangent to the mercurial me- 
niscus. By this means the level portion of the meniscus surface is 
transferred to the scale and its height read ofif. 

In general, for accurate work, it is necessary that the method of trans- 
ference be the same for the top and bottom of the tube. In all forms 
of open-cistern barometers, however, it is customary to make the trans- 
fer, or its equivalent, in a different manner at the top and bottom, thereby 
introducing a variable form of error. In most forms the above tangent 
plane is used for the upper meniscus, but an ivory point, a plane edge, 
or a saw-tooth edge is provided for the cistern, and each observer usually 
has his own method of raising the mercury into contact with this point 
or edge. Observers also have individual peculiarities in making tangent 
contacts at the top of the meniscus. The readings will Vciry with the 
illumination, the cleanness of the mercury surface, the condition of the 
observer, so that the difference of the upper and lower readings thus 
made by two different methods of contact has an appreciable variability 
even with the best observers ; but when both contacts are made in pre- 
cisely the same style the resulting difference is almost entirely free from 
the observer's peculiarities. The importance of eliminating this source 
of error has led to the use of some form of siphon barometer and to mak- 
ing contacts or transfers by some one of the following methods, in all of 
which the fundamental condition is that the diameter of the bore and 
the size of the meniscus shall be as nearly as possible alike at the upper 
and lower contacts: 

(a) Tangent planes. — If the tangent plane and vernier, ordinarily 
used for the upper contact, be also applied by a second vernier to the 
lower contact, the illumination being the same, personal . errors are 
eliminated, but errors due to the want of exact coincidence between 
the tangent plane and the zero of each vernier still remain, and the 
sum of the two errors constitutes a constant correction for all measure- 
ments. 

For barometers whose reduction to a standard is determined by 
direct comparison this constant vernier error is combined with others, 
which are given by the comparison ; in this case the lower vernier is 
replaced by a single index line. But when independent accurate meas- 
ures are made the sum of the two vernier errors is easily determined 
by making a number of readings of the same meniscus alternately 
with each vernier. Since the mean of the readings of the two ver- 
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niers sboald agree, any difiference between the two constitntes the cor* 
rection. 

If the same vernier be slid down to the bottom of the brass tube, 
and a similar sighting be made by it upon the mercury in the short 
leg, then any constant error made in both the sights becomes elimi- 
nated when the difference of the readings is taken. This latter method 
was originally devised for the Wild-Fuess pattern, and is applicable to 
all forms of the siphon barometer. 

(b) Duplicate points. — In this method a fine cone is firmly attached 
within the chamber, so that the point of the cone marks the center of 
the bore, approximately opposite the 30inch or 760°"° i>oint of the scale. 
A similar i)oint, moving up and down within the open tube, is attached 
to the lower vernier. In making an observation the mercury is first 
adjusted to contact with the upper point; then, by means of the lower 
vernier, the lower point is adjusted to contact in the open leg. 

(c) Electric method. — In this method the points remain as in the pre- 
ceding, but the contacts are made known by an electric signal running 
through the mercury and the two metallic points; a bell operated by 
the current gives the signal at the instant of contact. As the electric 
current alters the surface tension and capillary correction this method 
should only be applied to very wide tubes and cisterns, and a duplicate 
observation be made with reversed current. 

(d) Feme f 8 method. — In this points are used,. but actual contacts are 
not made. In place of contacts the point and its reflection in the mer- 
cury are viewed with the reading microscope of a cathetometer. When 
the distance between the point and its image is small the horizontal 
thread, of the reading microscope can be made to bisect with great ac- 
curacy the distance between the two, and therefore represents the 
actual surface of the mercury, which Is itself frequently invisible. The 
position of the level plane being thus defined, it is transferred to the 
vertical divided scale by either one of the processes used in cathetom- 
etry ; the best of these is that in which the sighting telescope slides 
upon a vertical axis, about which it can also turn horizontally as shown 
in Figures 14 and 15. By this means the horizontal thread, when prop- 
erly set for the top of the mercurial column, is moved horizontally until 
the observer sees the neighboring divided scale in the field of view, and 
can read the altitude corresponding to the thread. 

(e) MareWs method. — In this the vertical scale is supposed to be some 
distance behind the' barometer tube; in front of the scale, midway be- 
tween it and the tube, is a lens, which forms near the axis of the bore 
an inverted image of the scale. The observer recognizes through his 
reading telescope the image of the scale division just above the mercu- 
rial surface, and below that sees an image of the same division reflected 
from the mercury. He brings the horizontal thread of the telescope to 
bisect the distance between the two images, and its apparant distance 
above the mercurial surface, as measured by the micrometer, is con- 
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verted into scale divisions by a formula which is a function of the rela- 
tive distances of the lenses, and of the angle of inclination of the axis of 
the microscope to the horizon. 

(/) Thiesen^s method. — This is similar to that of Marek's, except that 
the lens in front of the scale is omitted. Through his reading telescope 
the observer looks over the mercury directly through the glass, and in 
the ordinary inverted field he sees a given scale division, a?, and above 
it the image x' of the same division reflected; the unseen mercurial sur- 
face is, of course, midway between them. The micrometer screw gives 
the apparent distance between x and oc' in terms of the scale division, 
whence the true height of the mercury surface is X'\'^{x' --x*). If an 
ai^tuiracy of only one-tenth of a scale division is required the reading 
mirroscope may be replaced by a hand lens and eye estimates of tenths 
ot Mtvisiotis. Tbis in(*tliod has the' great advantage of bringing the 
scale close to the glass tube, and both may be inclosed in an outer 
casing, so as to secure great control over the temperature of the mer- 
curv and scale. 

{g) Parallelism of the walls of the tube. — The accuracy of all methods of 
sighting through glass tubes upon mercury depends in part upon the 
perfect parallelism of the walls of the tubes. The correction for any 
want of parallelism may be determined as follows for Thiesen's method; 

If the two walls of the tube are so inclined as to change the direction 
of a ray of light by a small angle, ^, then the ray emergent at (see 
Fig. 21) deviates by 2^, and two errors are incurred in the measurement 
of the height of the surface, viz: 

(a) The parallel walls m and n displace the original ray 8A parallel 

to itself through a distance 
# 

d sec r sin (J— r) 

where d is the thickness of the glass, I the angle of incidence, and r 
the angle of refraction. If the front and rear walls, or those at the 
upper and lower mercurial surfaces, are parallel, but not of the same 
thickness, the differential displacement remains as a constant error, and 
is equal to 

(W-^d) sec r sin (I— r) 

If the walls are not parallel the residual correction, which is the differ- 
ence of the upper and lower corrections, is 

d sec r sin (I— r4-2S) — c2^ sec r sin (I— r+2# ') 

{b) Besides the preceding differential effects the following occurs: 
The observer sees a scale division and its reflection in the mercury 
through the same wall, i. a., that nearest the eye; any difference between 
the two rays is, therefore, affected by it sensibly; but between the cen- 
ter of the tube and the scale beyond it comes the further wall (m) 
with its slightly inclined side, and the angle 9 has introduced a devia- 
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tion saoh that the actual ray differs from that for parallel surfaces by 
ail amouDt equal to d tan 0. The deviation by the wall 9t having been 
once produced affects both the direct and reflected ray alike so long as 
the angle d does not change. 

60. COBBBCTION FOB TEHFBBATVBB OF THE 8CALB. 

The brass scale has its normal length, according to metric usage, at 
a temperature of 0^ G. ; at any other temperature its length is 

where /3 is the coefficient of expansion for the metal of the scale. As 
the scale divisions, with their numbers, rise with increase of tempera^ 
ture, at any temperature above freezing the scale reading at the top of 
the column is too low and should be reduced t(» that which would be 
observed with the scale at 0^. If the true height of the column is R 
in inches at the standard temperature, while the reading is B" in elon- 
gated inches, then 

whence the correction is 

B'---B''=zfitB' 

This correction is itself in error in proportion to the uncertainty in the 
value of the coefficient /3j and to that in the determination of the actual 
temperature of the scale. 

Various kinds of brass show differences in their coefficients of ex- 
pansion amounting to 10 per cent, of the whole. The vtiiues of B 
range from 0.00001744 to 0.00001898 for 1© C, or 0.0000097 to 0.0000105 
for lo F. Th,e average value 0.00001878 (or 0.00001043 for lo F.) has 
been adopted by Guyot in the Smithsonian Tables, but for any individ- 
ual scale this value may easily be in error by 5 per cent. A change of 
a unit in the sixth place, or about 5 per cent, in the coefficient of ex- 
pansion, produces a change in the temperature correction of 0.000001 
tB'j or 0.000001(t— 62)B'' for the Fahrenheit scale and English barom- 
eters, in which 62^, instead of freezing, is taken as the standard tem- 
perature of the scale. For any ordinary temperature the error is inap- 
preciable. 

An error in the determination of the temperature of the scale pro- 
duces an error in the resulting correction given by the expression B' x 
0.00001878d* (centigrade), or B'x 0.0000 1043(?* (Fahrenheit); for B'= 
30 inches, and an error of 1° F., the error in the reading becomes 
0.00031 inches. 

The ordinary methods of determining the temperature of the bar are 
very crude; an accuracy of 1^ is rarely attained, and errors of 5^ are 
possible. 
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The only methods of attaining accuracy in this respect consist either 
'in maintaining the whole room at a uniform temperature or in wrapping 
the whole barometer in some non-conducting substance, or inclosing it 
within a large glass tube, adopting Thiesen's method of readings, or 
best of all by Inclosing all that is practicable in a Uquid bath, whose 
temperature is determined by immersed thermometers. 

For barometers as ordinarily exposed the errors introduced by erro- 
neous temperatures of brass and mercury are likely to go through 
diurnal periods that obscure the correct diuroal periodicity of the at- 
mospheric pressure. 

61. GORBBOTIOlfS FOB THB DENSITY AlfD WBIOHT OF THE MEBCVRT. 

The atmospheric pressure on a unit of surface is equal to the weight 
that that pressure will support, and in the mercurial barometer this 
weight is that of the mercurial column. But by common usage press- 
ures are expressed in terms of the height of the barometric column in* 
stead of by its weight The observed height, however, is not a true 
measure of the pressure, because the height of the column supported 
by the atmospheric pressure changes with the temperature of the 
mercury and with the variations of gravity. Therefore, to obtain a 
height that shall be a true relative measure of the atmospheric pressure 
the observed height of the mercurial column is reduced to that which 
would be measured at a standard temperature and under a uniform 
standard force of gravity. The standard temperature is taken as (P 0., 
and the standard force of gravity that prevailing at sea level at lati- 
tude 450. 
Let P be the atmospheric pressure on a surface, «. 

h the observed height of the mercurial column of section s, 

A the density of mercury. 

g the acceleration of gravity. 

^0 the value of ^ at latitude 45^ and sea level. 

Jo the value of A at Qo O. 

t the temperature of the mercury. 

y the coefficient of expansion of mercury. 

g^itigoy where n is a function of the latitude and altitude of the 
place. 
Then, 

P==8hAg=8Aogo X hn{l^yt) 

whence the barometric height to be used as a true relative measure 
of atmospheric pressure becomes 

^ =zffQ=hn{l-yt) 



In correction tables for English barometers it is customary to com- 
bine the correction for the temperature of the mercury with that for the 
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temperature of the scale, as given in the preceding article, and assuming 
that both temperatures are given by one attached thermometer, in this 
case the corrected reading is given by the formula 

_h[l + /3(t-62 0)] 
or the total temperature correction to th^ observed reading is 

^' ^ i-^(e-320) 

(a) The density of merctiry, — ^The density of mercury depends upon 
its purity ; hence, in order that the value of Ho given by different bar- 
ometers shall be comparable, the density Jq must be the same in all, 
or, if not the . same, an additional correction to reduce to a standard 
density must be added. Careful determinations of the density of the 
purest mercury, as purified in various reliable methods, have been 
made by Marek with the conclusion that the density may vary by nearly 
±0.0001 of its own value, according to the method of preparation, and 
that, for accurate barometry, the mercury actually employed must have 
its specific gravity determined by direct measures. As the result of a 
large number of observations on different specimens of mercury, purified 
by different processes, Marek gives the value 

/ Jo=13.6966 

and finds that individual specimens difier from this by from 4 to 9 units 
in the fourth decimal. 
The effect of an error of ±0.0001 in Jq is equivalent to an error of 

*—-r-R in the measured height of the mercurial column; for A=30 inches 

this error amounts to 0.0002 inch. An amalgam of 1 per cent, of lead 
alters the density of the mercury by two-thirds of 1 per cent, of its 
amount, and thereby alters the height of the mercurial column by 0.046 
inch. 

(ft) The effect of compression, — An additional correction to the density 
of the mercury, not ordinarily of sufdcient magnitude to be considered, 
has been introduced by Marek (Travaux et M^moires du Bureau des 
Poids et M6sures, III, D. 44) for application to the normal barometer. 
This is based upon the fact that the column of mercury within the tube is 
compressed by its own superincumbent weight, which varies from at 
the top surface within the vacuum chamber to the weight of the whole 
column at the bottom. For different heights of or pressures upon the 
column, therefore/the average density of the whole column of mercury 
will be different ; but by definition the pressure is measured by the 
height of a column of uniform standard density, consequently the 
measured height b must be reduced to what it would be at a standard 
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density corresponding to a standard hydrostatic pressure, 60. Let the 
coefficient of compression be c for a unit of pressure, the correction will 

then be 

Ji=:-c(6o-^6)ft 

where c=0.00000000366 for a pressure of 1 millimeter. This correction 
amounts to 0.0011°*™ for a column 760 millimeters high and becomes 
appreciable for pressures of several atmospheres. 

(c) Effect of error in the coefficient of expansion. — ^The expansion of 
mercury with temperature has been most carefully investigated by Reg- 
nault and Broch ; the latter (see Travaux et M6moires, Tome II) pre- 
sents the results of Begnanlt's measurements in the formula 

J = Jo(l - .000181792^- .000000000176^2- .000000000035136^3) 

For temperatures at which observations are usually made, namely, 
about 100 C, the coefficients of P and t^ may be combined with that for 
tj and a constant coefficient of dilatation, A=— .00018153, may be 
adopted. The error in the. barometer correction introduced by an error 
of .0000001 in this coefficient is inappreciable in ordinary work. 

(d) Effect of error in the temperature of mercury. — At the standard at- 
mospheric pressure of 750 millimeters an error of 1^ 0. in determining 
the temperature of the column of mercury will produce an error of 0.13 
millimeters in the barometric reading; an error of one-third of a degree 
Fahrenheit produces an error of .001 inch. The importance of getting 
an accurate determination of the temperature of the mercury is thus very 
evident. In the ordinary portable-station barometer with a single at- 
tached thermometer the temperature given by the latter may easily dif- 
fer from that of the mercury by several degrees; the ordinary methods 
of obtaining the temperature with sufficient correctness consist in either 
wrapping the whole instrument in some non-coaducting substance, so 
as to retard changes of temperature, or else keeping the barometer in a 
room of uniform temperature. An approximate good determination is 
sometimes attempted by establishing several thermometers in short 
tubes of mercury, similar to the barometer tube, and placed near it. 
Differences of temperature amounting to several degrees Fahreuheit 
between the top and bottom of the barometer have thus been detected. 
It is evidently more important that the attached thermometer should 
give the average temperature of the mercury than that of the scale. 
After a considerable investigation of the subject Broun states (see Na- 
ture, 1875) that scarcely any of the many series of hourly observations 
are reliable to within several thousandths of an inch, owing to the sys- 
tematic errors introduced by the uncertainties in the correction for 
temperature. 

(e) Correction for changes in gravity. — The ratio n=- is known ex- 

actly when pendulum observations have been made to determine the 
value of g at the observing station, go being assumed, as given from 
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the mean results of all peDdalum work, as 9.806056 meters per second. 
When observations of local gravity are not available the value of ^ is 
obtained by a formula deduced from geodetic operations and expressing 
the force of gravity as a function of the latitude (X) and altitude (h) 
above sea level. For this formula the International Bureau of Weights 
and Measures has provisionally adopted 

<^=<7o(l-0.000259 cos 2A) (1-0.000000196^) 

In this equation the coefficient of h is obtained on the hypothesis^ 
originally made by Poisson, that the mass of earth lying between the 
observer and sea level is heaped upon the sphere and is so much at- 
tractive matter additional to that at sea level. But a more correct 
geodetic theory, as well as actual observation, shows that this is not 
the case. A mountain or plateau is merely a portion of the eartli's 
crust raised by geological action above the present sea-level surface, 
and beneath such an elevation a deficiency in density apparently exists. 
Consequently the effect of such an elevated mass is not its whole at- 
tractive force, but only the difference in its attraction due to its dis- 
placement. This effect is small and diminishes but slightly the decrease 
in force of gravity with increase of elevation. 

For vessels at sea and stations on islands in the ocean, the force of 
gravity is considered to be diminished by the effect of elevation above 
the bottom of the sea (considered as a removal from the earth's center)^ 
but to be increased by the attractibn of the surrounding mass of water 
and by that of the solid conical elevation that forms the island. 

The value 0.0000003 for the coefficient of h makes a slight allowance 
for displacement, and represents the true attraction much more nearly 
t}ian the coefficient of Poisson, but the formula and tables of the Inter- 
national Bureau are provisionally adopted by meteorologists. 

For accurate work the force oif gravity must be determined by pen- 
dulum observations at the barometric station ; an error of 0.0000 1 in 

the ratio ?- affects the reduced barometer by O.OOTe^^-^+fe. 

6*^. CAPILLARITT. 

The hydrostatic equation of section 61, between the weignt of the 
mercurial column and the atmospheric pressure, is based on the assump- 
tion that the pressure of the column is due to its weight only j but two 
other forces have to be considered, namely, pressures due to capillarity 
at the two surfaces of mercury, and the elastic pressure due to any gas 
or vapor in the vacuum chamber. Capillarity is a phenomenon of sur- 
face tension, and arises from the attraction or repulsion that exists be- 
tween the particles of a liquid surface and a solid. The amount of such 
attraction or repulsion between the same liquid and solid depends on 
the condition of the surfaces of the solid and of the liquid and on the 
gas that is present, if there be any. For example, when mercury is 



REPORT OF THE CHIEF SIGNAL OFFICER 129 

boiled in barometer tabes the occluded gases are partially detached 
from the walls of the tube (they may even be replaced by an invisible 
film of mercury and its combinations), by virtue of which the capillary 
repulsion of mercury for ordinary glass becomes partially neutralized, 
and in extreme cases converted into an attraction. 

The tension of the mercurial surface in a barometer tube varies with 
the purity and temperature of the mercury, with the cleanness of its 
surface, with the nature of the gas or vapor above it, and with the 
cleanness of the surface of the glass tube. Strict accuracy, therefore, 
would require the vertical pressure due to the tensions of the surfaces 
of the mercury in the tube and in the cistern to be determined for each 
instrument and at every observation. 

(a) The laws of capillarity, — Let H be the superficial tension of the 
surface of the mercury when in contact with the gas above it ; Hi the 
superficial tension between the gas and the walls of the tube ; H2 the 
superficial tension of the surface of the mercury when in contact with 
the walls of the tube; d the angle of capillarity or that at the junction 
of the meniscus of mercury and the tube. 

The laws of capillarity furnish the relation 

/I Si — H2 
cos 6= — o — 

This formula serves to show the dependence of on the three varia- 
ble tensions, but its value is best obtained by direct measurement on 
the barometer. 

Let %=the vertical capillary pressure in cylindrical tubes, and hence 
the barometric correction for capillarity. 
r=the radius of the tube. 

a' =6.528, a constant that has been well determined for pure mer- 
cury, but is subject to variation with temperature and clean- 
ness of surface. 

p=radius of curvature of the meni8cus=r sec 0= ^i 

i=the height of the meniscus. 
Then, as in section 24, 

. a^ a^ ^ a^.2i 

Values of the capillary correction h have been tabulated by Bravais 
with and r as arguments; and by others with the arguments i and r, 
su(5h as given in the Smithsonian Meteorological Tables. 

(6) Neumann^s method of observation. — In order to avoid the error in- 
troduced by using an assumed constant value of a^ Prof. F. E. ^Neumann 
proposed (Physik, page 156) a device by which h may be computed more 
rigorously for the surface pf the mercury in the vacuum chamber. But 
the following extension of his suggestion allows of determining the still 
SIG 87, PT 2 9 
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moi*e troublesome capillarity correction for the open-air surface. The 
method consists simply in placing in the vacuum chamber and in the 
cistern or short leg of the siphon additional tubes whose diameters are 
considerably less than that of the main tube. 
Let b' be the height of the column observed in the small tube. 
b that observed in the large tube. 

f/ and p the corresponding radii of curvature of the small and 
large tubes, respectively. 
Then for the small tube 



^'=^' and bo=b'+h' 



and for the large tube 



a2 



whence 



^=— and 6o=2>+A 
P 



h=.±=^ 






This operation is repeated for both the lower and upper chambers of 
the barometric column. 

A more elegant arrangement consists in simply contracting to a 
smaller bore the upper portions of both the vacuum and the open 
chambers by inserting appropriate glass tubes ; the atmospherics press- 
ure is then to be determined by four sets of measures, in which the 
upper and lower menisci are located successively in the larger and 
smaller bores, the position of the mercury being adjusted for this pur- 
pose by means of the screw of the cistern. This method is, however, 
slightly defective, in that it assumes that the glass surfaces in the two 
upper (or lower) tubes are of the same nature, so that the same value 
of a^ obtains in the tubes of either pair. 

(c) Cleanliness of surface. — The effect of the condition of the glass 
surface is to change the angle or the inclination of the mercury to the 
surface of the glass at the point of contact. This angle varies between 
120^ and 160° in ordinary barometric tubes. The normal angle is 148^ 
for perfectly fresh clean surfaces. The angle may even become an 
acute angle in boiled tubes, in which case the repulsion between glass 

and mercury becomes an attraction, and the mercury may cling to the 
top of the vacuum chamber. 

(d) Measurement of the radius of curvature. — Ordinarily it has been con- 
sidered sufficient to compute the correction for capillarity at the upper 
and lower ends of the column by assuming an average value of d^ and 
carefully measuring either the angle or the height of the meniscus or 
its radius of curvature. The radius of curvature has been determined 
by Wiebe, by !N^eumann's method, by sighting upon the meniscus with a 
microscope, in whose field is a ruled glass plate (see Fig. 22), on which 
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t 

may be read off the horizontal and vertical co-ordinates, h and v respect- 
ively, of the surface of mercary, from which the radius of curvature is 
easily computed by the formula 

It is thus found that the curvature of the meniscus in the vacuum 
chamber is much less and subject to less variation than that of the 
meniscus in the open cistern or siphon tube. Measures of the simple 
height of the meniscus are easily made by an index attached to an in- 
dependent vernier. Thus, in the case of the normal barometer of the 
Berlin Standards Commission, the height of the upper meniscus varied 
in a few days between the limit, 1.12™™ and 1.37™", while for the lower 
meniscus it varied between 2.29™™ and 2.60™™. The effect of altering 
the condition of the sides of the glass tube is illustrated by the follow- 
ing measurements made by Wiebe : Siphon barometers (/) (n) (g) were 
compared before and after cleaning the open end of the short leg of ba- 
rometer {g). 

Before cleaning, the heights of the menisci in barometer (g) were 
Upper meniscus, 0.33' 
Lower meniscus, 1.52' 

After cleaning: 

Upper meniscus, 0.35' 
Lower meniscus, 0.88™™. 
Showing that the lower meniscus in the open air was diminished to 
about one-half its height by simply cleaning the tube by washing it 
with dilute sulphuric acid. 

(e) Uffect of atmospheric exposure on capillary correction, — ^The capil- 
lary pressure ordinarily tends to lower the mercury in the vacuum 
chamber, and also to lower the mercury in the short leg or open-air 
cistern ; therefore the total effect on the barometric column is the dif- 
ference of the depressions, and the correction to the barometric reading 
becomes A„ — A.. The total correction therefore will be negative when 
the depression due to capillarity at the lower end of the tube is greater 
than at the upper end. This is the ordinary case in siphon barometers, 
but in boiled tubes and in narrow tubes with wide cisterns the cor- 
rection may become positive. 

As the surfaces of mercury and glass change their condition with 
time and exposure to the atmosphere, a steady change in the capillary 
effect is usually observed, ordinarily producing a steady rise in the 
barometric reading or an increasing negative correction. In the case 
of the barometers / and g^ above mentioned, the differential capillary 
correction was reduced from 0.54™™ to 0.28™™ as the effect of the steady 
change during a few months in the capillary condition of the surfaces. 

Quincke (Wiedemann Annalen, XX7II, 1886, p. 219) has shown that 
these changes take place very rapidly during the first few hours of 



P™, 
I™™. 

Lmm 



4 
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exposure of fresh surfaceSy bat after that more slowly. His measures 
gave him 

a^=7.84 for pare fresh mercary ia vacaam. 
=7.07 for pare fresh mercury in the air. 

=5.01 for pure mercary, after standing several hoars in the air. 
Therefore the value adopted in Bravais' tables, as ordinarily used, is 
only a crade approximation to the valae that may actually obtain in a 
given barometer at a given time. 

(/) Effect of temperature on capillarity^ — The eflfect of temperatnre on 
the surface teasion is also appreciable. According to Frankenheim, for 
ordinary temperatures the expressioa for the capillary constant is 

a«=3.978(l+0.00I329^) 

where t is the temperature in centigrade degrees. 

(g) Effect of electric current on capillarity. — The effect of passing a 
galvanic current through the mercurial column is to dull and flatten 
the meniscus at the positive pole, but brighten and give greater curva- 
ture to the meniscus at the negative pole, thus corresponding, respect- 
ively, to a decrease and increase of a\ Therefore, in using the electric 
method of contacts, already described, an additional source of error is 
introduced that can, however, be partly eliminated if care is taken to 
make the measurements with both direct and reverse currents. 

(h) Desiderata, — A simple method of determining the exact capillary 
effect for either meniscus in any position is still a desideratum, espe- 
cially in the case of barometers of small bore, where the total uncer- 
tainty is large. In case mercurial contacts are made by the electric 
method the effect of the current in altering the capillary correction 
needs careful determination. 

Pressures measured when the meniscus is rising differ from those 
measured when the meniscus is falling, and it is possible that the meas- 
urement of the fall of a meniscus from its maximum to its minimum 
'convexity may give a convenient method of determining the surface 
tension and capillary depression at any point of the tube. 

The effect of the unknown variations in capillarity enters directly 
into the determinations of the correction for imperfect vacuum, and into 
the comparisons for the reduction of barometers at various localities to 
a common central standard. The capillarity should therefore be investi- 
gated for the different temperatures that occur, and at the different 
points of the barometer tubes that are used. 

(i) Diameter of the tube, — In computing the capillary correction the 
inner bore of the tube is required to be known with some precision. 
This may be ascertained if the tube is first weighed, then filled with mer- 
cory, and again weighed. Then we have 



radius =-!- / total weight 
;rV length xdensil 
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The following method of determiaing the radias has been' given by 
L^pinay (see Fig. 23). The method is obviously applicable also to 
* thermometer tabes : 

Let the observer at determine the apparent angles (p and ^^ sub- 
tended, respectively, by the inner bore add the outer side of the tube 
Let GO=idj the distance of the observer, be known. 

a=the interior angle of refraction OJM of the ray CJM, 
OM^p =the radius of the bore. 
Oe7=i2=: the radius of the outer surface. 

n=the coefficient of refraction from glass to air. 
We have, then, the following relations: 

-g= sin a n sin ar= sin p R sin fi^d sin q) 

whence, if d be known, 



.sm o) 



or, if iJ be known. 



f *"'«• on 



n sin (ff 



This method fails when the apparent angle <p is greater than (pf\ but 
for this case, which may occur in large thermometer or small barometer 
tubes, the measures may be made under water, when n becomes the 
coefficient of refraction from glass to water, which is much smaller than 
for air, or the value of R may be temporarily increased by surrounding 
the tube by a concentric cylinder, with water between. 

The following method was used by Schumacher (M6m. Acad. Boy. 
Bruxelles, 1841, Tome XIV): When the pressure is falling rapidly 
measure the rise. A, of mercury in the cistern that corresponds to a given 
fall, H^ at the top of the column, then the free area of the cistern A being 
known we find the area of the tube to be 



whence the radius is found. 

The following was used by Bravais (Ann. de Ohim. et de Physique, (3), 
1842, y, p. 504). Let two marks, %x and ^29 be made on the outside sur- 
face of the tube whose distance a, parallel to the axis, can be accurately 
measured. The observer can so place his eye at 6/ that he will see «i re- 
flected from the mercury at m, so that its image is covered by the mark 
%i. Measuring the angle i between the line of vision and the normal^ 
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aud assumiDg that the bore at mis parallel to the line Si «3, and putting 
n:=index of refraction, and l^=extemal radius, we have 

1 la 

sin r=— sin * d=o i radius of bore =i2 — d 

m 2 tan r «"a"o vl mvi« xi^— c* 

Various modifications of the method of reflection are easily devised. 

» 

63. 8LVGGI8HNB8S. 

In portable-cistern barometers the constraction is frequently such 
that the free air does not have free access to the cistern, and a change 
in outside pressure can only be communicated to the air in the cistern 
by slow perbolation through the packings.^ This defect should be im- 
mediately remedied, either by loosening the packing, as in Green's 
barometers, or by making a special hole through the top of the cistern, 
as in the Adie barometers. A barometer should always be tested for 
this defect before being used. The test is easily made by adjusting the 
mercury in the cistern and setting the vernier plate, then lowering the 
mercury in the cistern, and, after giving the air time to enter, screwing 
rapidly up and adjusting to the zero point. If the air in the cistern 
was confined it will now be considerably compressed, aud the mercury 
will be observed standing above, but slowly settling down to the posi- 
tion of the vernier. 

It is customary to contract the lower end of the barometer tube or 
to introduce a contraction within the tube, in order to diminish the 
pumping when on board vessels, and also to diminish the chance of the 
introduction of air bubbles. In consequence of this the ascending and 
descending motions of the mercury are somewhat retanled. This re- 
tard, like the preceding mechanical effect, is so easily remedied that 
even in extreme cases of rapid changes of pressure it ought not to be 
allowed to exist. In general it may be said that a barometer will not 
show a given change of pressure until that change is sufficient to over- 
come the capillary resistance of the tube to the fiow of the mercury. 
Therefore the time for which an observed air pressure holds good extends 
backward to the moment since which the changes in pressure have not 
exceeded the capillary resistance. In order to overcome this capillary 
sluggishness it is customary to move or tap the barometer, or lower and 
raise the mercury by the cistern screw, whereby the adhesions to the 
tube are broken up. 

64. IMPERFECT TACVVM. 

(a) Aragd's method. — The assumption that there is a perfect vacuum 
above the mercurial column is tested by means of the method suggested 
by Arago, which consists in altering the capacity of the vacuum 
chamber and determining the resulting effect upon the measured 
pressures jpi and p2 . 
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Let V be the volame, under one atmospheric pressure, of a small mass 
of air in the vacuum chamber, and Vi the volume of the cl^amber^ then 
will the pressure exerted by the expanded air,' be 

p being the pressure of one atmosphere. For another size of the vacuum 
chamber we shall have 

If, now, the atmospheric pressure P has not changed while the volume 
of the chamber has been altered from Vi to 1^2, and the barometric height 
has changed from j>i to jp2, we shall have for these two cases 



V2 



therefore 

whence the correction 






Vi — V-i 



(F) 



The change of volume of the vacuum chamber is eflfected by raising 
the level of the mercury in the cistero or open leg of the siphon ; thus 
the volumes of the chamber and the corresponding corrections are con- 
sidered to pertain to the readings of the upper end of the mercurial 
cohiinu, the head of the glass tube being fixed with regard to the scale. 

If the correction is considerable then the pressure will vary appre- 
ciably with the temperature of the inclosed air. In fact, the operation 
of diminishing the volume compresses and warms the air, wherefore the 
observations must be so made as to give time for the chamber to cool. 

Let Vi Xi ti be the volume, pressure and temperature prevailing in 
the vacuum chamber at the first observation, and v^ x% tz the same 
data for the second observation ; let A A be the true readings of 
the mercurial column, so that A—Bi and A-^D^, are the corresponding 
distances in scale divisions to the top of the vacuum chamber ; there- 
fore (A— 2>i)/8 and (A— A)'8 are the desired volumes of the chamber. 
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The pressures are therefore as before 

P=l>i+afi=l>i+p(l+0.()0365<x)-3— ^ 



whence 



. (A— A)o 



p^^ P1—P2 _ {Pl-P2)VlV2 



With {pv) thus determined the correction for any other temperature 
or reading of the upper end of the column becomes 

x=(pv)l±S!* 

In the determination of this correction, which is itself quite small, it 
is sometimes necessary to take account of the fact that as the mercury 
is raised in the closed and open tubes, in order to diminish the volume 
of the chamber the last measure corresponds to the atmospheric press- 
ure at the then level of the mercury in the open leg, and needs to 
have a reduction applied to it to obtain the pressure at the original 
level. This is best done by reducing all measures to a standard level 
in the atmosphere, u e,j by correcting for the weight of the atmosphere 
between the zero point in the scale and the surface of the mercury m 
the open leg. This correction is given by 

+0.0000951(l-0.00370^J^2>o 

where Do is the scale division read off from the open mercury surface^ 
p the approximate pressure and tempeititure of the air, and 0.0000951 
the height in millimeters of mercury corresponding to the weight of a 
column of 1™™ of air at normal density. 

The variation of capillarity with the temperature and the condition 
of the surface of the mercury appreciably affect the determination of 
the correction for defective vacuum. The necessity of measuring press- 
ures for very different heights of the mercurial column introduces the 
possibility of extensive differences in the condition of the bore of the 
tube and in the resulting capillarity ; it is at present the current ten- 
dency to attribute to these the perplexing anomalies that occur in the 
attempt to determine the vacuum correction. The following illustra- 
tions of such determinations show the anomalies that occur. 

{b) AnomdU>u8 experiences. — In the normal barometer II, at the Inter- 
national Bureau of Weights and Measures, the correction -^ for the 
standard reading of one atmosphere, when the upper column reada 
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811.0 on the scale of millimeters, was +0.708°>"' in June, 1882 (see^ 
Travaax et M^moires, III, D, 47). 
The auxiliary barometer No. 1 gave the following values : 



mm. 

1879, July 11 +0.175 

Aug. 1 +0.170 

Sept. 1 +0.167 

1880, Mar. 3 +0.088 

Mar. 10 +0.097 



(See Travaaz et Mdmoires, U, D, 11.) 



Auxiliary barometer No. 3, after elaborate efforts to expel the air^ 
gave the following corrections : 



mm. 

1880, Aug. 12 40.612 

Sept 1 +0.62i 

Deo. 13 +0.445 

1881, Jan. 5 +0.408 

Feb. 25 +0.473 



(See Travaux et M6moires. II, D, 13.) 

The auxiliary barometer W. II, filled under a vacuum by Wild's 
method, had no correction for air in the chamber, so far as could be as- 
certained up to 1883 (see Travaux et M^moires, IV, B. 59). 

The Wild-Pernet normal barometer, as studied in 1884, gave as the 
correction for vacuum.* 

The attempt to determine the vacuum correction during a journey 
with one of the Wild-Fuess barometers led Schreiber to conclude that 
the laws of gaseous pressure changed at these low pressures; but 
although this is true according to the kinetic theory of gases, and is 
appreciable at the lowest pressures, yet, probably, in Schreiber's obser- 
vations the effect of this change is far smaller than the errors due to 
variable capillarity and uncertain temperatures. Krajewitsch finds 
that this efiect on the low barometric pressure in the vacuum chamber 
is much less than the Boyle-Mariotte law would give. 

The Arago method is limited in its application by our ignorance of 
the specific capillary effect at every measure that is taken, and the great 
desideratum at present is a convenient method of accurately observing 
this effect; several methods, refined and tedious, have already been 
described in the section on capillarity. In addition to those it is pos- 

* The memoir of Krajewitsch (Exner, Repertoriam, ^^III, p. 339), received siuce 
writing this, maintains that barometers filled with cold pare mercury under the 
Sprengel pamp vacnnm by himself and Mendeleeff, always show a perfect vacaam 
to less than 0.003™™; after many weeks a small air babble may accamalate, and this 
he removes to an air- trap and isolates from the barometer. Sundell, in a method jast 
published, appears also to have virtuaUy filled his tubes under a vacuum, but th» 
Yacuum correction remains appreciable. 
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sibly desirable to develop a method that consists in measuring the 
height of a meniscus when the convexity is a maximam ; and again when 
the mercury has been flattened to its maximum extent by lowering the 
cistern screw, and just before the sides of the meniscus break the con- 
nection at any point with the sides of the tube. 

(b) Electric method of testing. — An independent test of the perfection 
of the vacuum has been attempted, notably by Erajewitsch, Mende- 
leeff, and Grunmach. An electric discharge between electrodes varies 
its character with the perfection of the vacuum, the nature of the re- 
sidual gases and vapors, and the nature of the electrodes. In the vacua 
ultimately obtained, when a barometer tube is being filled under the 
working of a Sprengel pump, only rarely do electric discharges take 
place through it. According to Orunmach all the spectrum lines dis- 
appear, except the F and O lines of hydrogen and those of mercury, 
■and fluorescent light appears ) after a time, however, this fluorescence 
disappears, owing to the ^ general liberation of foreign matter by the 
tube and the mercury. Now, let the Arago method be executed while 
the pump is so working that the electric light still presents the appear- 
ance peculiar to a vacuum as perfect as can be obtained, and there will 
still be found as the result of the computation a slight correction for 
vacuum, which, for the barometer used by Orunmach, was —0.4™"*. 

Experience seems to show that tubes filled under a Sprengel pump 
have more perfect and more constant vacua ; but the determination 
of the vacuum correction even in the best work has not yet been made 
independent of the changes in density of mercury, due to its tempera- 
ture, and the changes in capillarity, due to temperature, oxidation, and 
other influences, including the occasional electrified condition of the 
tubes and the mercury. 

(c) Correction for mercurial vapor, — If both a liquid and its vapor, such 
as water, be present in the vacuum chamber, the Arago method does 
not sufiice to detect the full effect of the vapor, since the latter is con- 
densed upon its liquid as the volume diminishes. A barometer in this 
condition is therefore unserviceable. The only vapor that is present 
in a well- made barometer is that of mercury; this vapor adds its own 
pressure to any already prevailing in the vacuum chamber. The small 
correction thus indicated is adopted by Marek from the determinations 
of Ila^en and Hertz, and is as follows (see Travaux et M^moires, III, 
D, 43): 

Corrwstion for pressure of vapor of mercury. 
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{d) Surface ddhesion. — It is now known that air, aqaeous vapor, and 
<3arbon dioxide are all strongly adherent to the surface of glass, thus 
Bottomley (Nature, March, 1885, XXXI, page 423) dislodged 0.45 and 
0.41 cubic centimeters of gas from masses of spuu-glass thread, whose 
total surface was 1,448 and 3,527 square centimeters, respectively, and 
chemical analysis showed that the gases thus dislodged were composed 
of the following mixtures : 



Gas. 


ADalysis. 


Weight. 


Volume. 


CO, 


N. 


1 
78. 6 8. 24 
10. 5 22. 76 
80. & 69. 00 


168. G 1 100.00 

1 



Kayser and Buusen have shown that a thin layer of water adheres to 
glass threads even up to a temperature of 500^ C, and that this absorbs 
carbon dioxide from the air and retains it. From these layers of water, 
vapor, and gas may come the small amount of gas present in nearly" 
every barometer, and their variable effect on surface tension becomes a 
part of the vaHability of the correction for capillarity. 

The dislodgment from the mercury or the walls of the tube of any 
occluded gas is usually considered a reasonable explanation of a part 
of the slow change in the vacuum correction, and there seems no reason 
why sometimes the walls of the tube and the mercury should not absorb 
oertain gaseous constituents from the vacuum chamber; but any changes 
produced in this manner must be slow, although subject to great vari- 
ability if high temperatures or electrification occur. 

{*') Air-trap. — The usual cause of deterioration in the perfection of the 
vacuum in portable barometers is the escape into it of the visible bub- 
bles that are to be seen clinging between the mercury and the tube. 
This source of error is easily remedied by adopting the construction 
due to Bunten, and shown in Fig. 24, where a ^orepresents a conical glass 
funnel attached to the inside of a tube at ab. The hydrostatic pressure 
is freely transmitted from above through c down to the cistern; but the 
region marked TT, between the walls of the tube and the sides of the 
funnel, constitutes a trap in which any ascending bubbles are retained, 
so as not to affect the vacuum above. In filling the barometer, the top 
of the tube being held downwards, when a little mercury has passed 
through into the vacuum chamber, it is warmed until the chamber is 
full of its vapor and the air thoroughly expelled (or if filled cold the 
Sprengel pump extracts the air), when, of course, mercury will flow in 
as the vapor is cooled down. This construction therefore simplifies the 
filling of the barometer tube, since one is relieved of the necessity of 
further boiling and of anxiety about air bubbles. 

(/) MendsleejpH method, — This is applicable only to special investiga- 
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tions, and consists in elevating the mercury until the top of the tube is 
filled, and any air is driven on into a capillary tube, where it is isolated 
by applying a blow-pipe flame and closing the tube. 

65. UfTEBNATIOir AL COMPARISON OF BAROMETERS. 

As normal barometers can not be safely transported it has been cus- 
tomary for each country to establish its own standard barometer with 
which to compare those issued to its own observers. It therefore is 
important that the meteorologist should have some means of reducing 
indications of local standards to an acceptable international normal. 

To this end the three normals established at the International Bureau 
of Weights and Measures have been accepted by meteorologists, but as 
yet only a few comparisons have actually been made. 

It is evident from the preceding analysis of barometer errors that 
slight differences in the scales, the temperatures, the coefficients of ex- 
pansion, the density of the mercury, or in the determination of the 
errors of capillarity and vacuum, will introduce a series of systematic 
discrepancies between any two barometers, which will vary with tem- 
perature and scale readings, and may be expressed by the general 

formula 

6=^A+B{bi^bo)+ C(fi-^o)+etc. 

Therefore the proper formula for reduction of pressure at several 
stations to a common standard involves the direct comparison of the 
barometers through at least as large a range of pressure and tempera- 
ture as ordinarily occurs, and the determination of the constants Aj £, 
and 0. It is, however, common to avoid this great labor and deter- 
mine merely one value of 6 for an average temperature and pressure^ 
namely : 

<yi=A-fjB(6i-6o)+0(ti-fo) 

and it is assumed that this value of <^ holds good for the whole range 
of observations. The error of this assumption may be very appreciable 
if the standards are at very different elevations above sea level. 

In order to compare the normal barometers a portable barometer of 
the best class is used (those of Krajewitsch, Wild, and Koeppen are 
most desirable), but as no portable can be so accurate as the normals, 
the intercomparison is by no means decisive as to the exact relation of 
the barometers. Therefore there will still remain some uncertainty as 
to whether the concluded difference between two normals may not be 
at leiist partially due to errors introduced by the portable barometers 
and the manner of using them. 

In order to diminish the uncertainty the following conditions of a 
good comparison should be adhered to : 

(1) The portable barometer should be of the siphon form with adjust- 
able cistern, very much as made by Fuess, and should be used with 
strict attention to all sources of error hitherto described, especially 
capillarity and temperature. 
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(2) The same observer shoald do all the work with the portable ba- 
rometer. 

(3) The personal difference between the observers shoald be deter- 
mined at each station. 

(4) The comparisons shoald be made at times when the atmospberic 
pressare, as shown by the readings themselves, is very steady. 

(5) The comparison of the portable, first at A and then at Bj shoald 
be followed by a second series, first at B and then at A, 

Daring the past centary a large nnmber of international comparisons 
have been made, althoagh not always according to the preceding out- 
lined conditions.* The general result of these has been to show that 
large outstanding differences exist between so-called standard barome- 
ters throughout the world. The reductions to normal range between 
^.Q 5mm and — 1.6"»™. The minus corrections, however, are most numer- 
ous and largest. This appears to be generally due to changes in the 
surface tension of the meniscus, especially at the open end, by which 
all barometers suffer a secular deterioration. But the personal differ- 
ences or methods of making the upper and lower contacts in cistern 
barometers is a fruitful source of trouble. 

The most important ^^normal barometers" at present existing are 
those at St. Petersburg, Berlin, and Sevres, near Paris, as represented 
in Figs. 14, 15, and 16. In these instruments every refinement in con- 
struction and observation has been introduced, but on account of the 
lal)or of using these normafe local substandards are ordinarily employed, 
whose relation to the normals are known by frequent comparison. 

Comparisons between the normals have been made by means of the 
Wild-Fuess portable barometers; not directly, however, but through the 
local substandards. These show the general result that even between 
the normals apparent differences of two- tenths of a millimeter still exist 
These differences are far greater than any probable accidental error, and 
point to constant sources of error still uncorrected, but whose origin is 
not yet fully agreed upon ; according to some, they are due to changes 
in the substandard, and such changes are shown to be appreciable (see 
Wild, Eepertorium, VIII, Beilage, p. 36). 

There must certainly be, even in the normals themselves, a possible 
accumulation of errors due to inevitable errors in the density of mer- 
oary, the length of scale, the attached thermometers, the methods of 
transference, unknown local variations of gravity, and of the gases in 
the vacuum chamber; but these will partly balance each other, and the 
resulting total constant error can hardly be so large as a tenth of a 
millimeter for such thoroughly investigated instruments. The most 
probable explanation of the larger differences, which are found also to 
be variable, is that they are mostly due to a variable capillarity, from 
whose influence normals and substandards are not wholly free, but to 
which the smaller portable barometers used in the comparisons are 
very much exposed. This source of error similarly affects all siphon 

^100 •■- I. ^ ■ 

*See the pablications of Uellmann, Waldo, Suudell, etc. 
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barometers, sach as that of Fuess, and any unknown "Changes in such 
barometers therefore appear in the result as an apparent difference be- 
tween the normals. The only remedy for this is a most thorough study 
of capillarity in connection with any international intercomparison. 
Until this is accomplished it is impossible to say what is the precise 
relation between the principal normals of the world ; but the care with 
which these latter have been investigated would lead to the reasonable 
expectation that neither can be in error by one-tenth of a millimeter or 
four one- thousandths of an inch. 

The most important and probably decisive study as to the origin and 
prevention of these differences between normals would consist in the 
direct comparison among themselves of the three normals by Fernet, 
Wild, and Marek, respectively, now established at the International 
Bureau of Weights and Measures. In this work no portable or sub- 
standard barometer would need to intervene, and the only source of 
discrepancy would be that due to currents of air in the room, and the 
different effect of the external wind upon the pressure in the three dif- 
ferent rooms in which these instruments are placed. Even these f^ffects 
can be prevented by connecting the three open siphons together by one 
long closed tube, so that hydrostatic equilibrium shall prevail at the 
three mercurial surfaces. The results of such comparison, which, it 
would seem, has already engaged the attention of the physicists at that 
institution j[8ee Proc^s-verbaux, 1885, page 96), will be looked for with 
interest, since it is as important to meteorology as it is to metrology. 

66. EXPOSVBB OF BABOMBTEBS. 

The preceding sections have enumerated the corrections peculiar ta 
the barometer, by applying which the elastic i>ressure in the layer of 
air immediately above the open surface of the mercury is obtained. 

The problem of the meteorologist is to determine the pressure in the 
free air; but this is generally in motion; it is necessary therefore to 
consider the question how to expose a stationary barometer so that it 
will give the pressure in the moving free air. 

When a current of air strikes any obstacle there is produced a vari- 
able distribution of the pressure which was before uniform within the 
current, consequently a local current in the room blowing across the 
open end of the cistern of the barometer causes the pressure upon the 
mercury to differ from that in the still air of the room. The first con- 
dition of a proper exposure is, therefore, that the air in the room should 
be quiet. 

Similarly during a wind an irregular distribution of pressure exists 
in the air on all sides of a building, and within the chimneys leading 
to the interior of the rooms within ; consequently the general pressure 
prevailing within a room represents an equilibrium between the outside 
pressures that have access to it. Thus a room open only on the wind- 
ward side has a greater pressure than one opening only on the leeward 
side, and rooms with windows aud chimneys will show intermediate 
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pressures dependiug on the relations of the openings to the wind. The 
maximum effect of the wind in condensing the air on the windward 
side of an obstacle is shown by the corresponding increase of pressure^ 
as given in the following table (see also Chapters XV and XVI) : 



Velooitiy 
per hour. 


iDcrease of 

baroTuetriu 

preasnre. 


Miles. 
20 
40 
60 
80 
100 
120 


Inches. 
0.015 
0.061 
0.138 
0.245 
0.383 
0.548 



(a) Observations on Mount Washington. — The above maximum effect is^^ 
diminished by openings and leakages as illustrated by the following re- 
sults, attained at the Signal Service station at Mount Washington, where 
the several rooms are so connected that the specific influence of any one 
opening could not be easily separated from that of the leakages over the 
whole building; but by opening certain leeward and windward windows 
the following differential effects were observed. The effect of opening a 
windward window (whoso aspect is given in column 8) as diminished by 
the counteracting effect of all leakages from the room is given in the last 
column. The effect of opening a leeward window, as diminished by all 
leakages into the room, is given in column 7; column o shows that the 
effect of opening a flue is masked by the leakages, as might have been 
expected, on account of the small size of the flue relative to the volume 
of the room and the leakages : 



1886. 


Wind. Effocb on Iwrometer of opening the — 


Direc- 
tion. 


Averftge 

velocity. 

(Miles 

per hour.) 


Onsta. . 

(Miles 

per 
hoar.) 


Chimney 
flae. 


Leeward window. 
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i 1 


Sept 20 
Sept. 20 
1 Oct. 15 
Oct. 21 
Oct 22 


W.NW. 
W.NW. 
W.SW. 
W.SW. 

N.NW. 


65 
65 
70 
65 
70 


85 

85 
85 
80 
00 


Inch. 
—0.005 
+0.003 
+0.006 
+0. 003 
—0.006 


E.NE. 

E.NE. 
E.NE. 
E.NE. 
E.NE. 


Inch. 
—0.014 
—0.008 
—0. Oil 
—0.018 
—0.025 


• 

W.SW. 
W.SW. 
W.SW. 
W.SW. 
W.SW. 


Inch. \ 
+0.020 
+0.045 , 
+0.045 \ 
+0.062 
+0.032 ' 



The above figures in each case give the difference between the press- 
ure observed with the mercurial barometer with everything closed and 
with a window or flue open. Observations with an aneroid gave similar 
results (see S. S. Monthly Weather Eeview, March, 1887). 

(6) Standard exposure. — The general theoretical relation between the 
pressure in the free air aud that within a room where large openings 
are closed and only the smaller leakages control the interior pressure 
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is easily shown. The above Mount Washington observations give an 
average effect of about two-thirds of the maximnm effect dne to the 
prevailing wind, and snffice to confirm the conclusion originally an- 
nounced by Ool. Sir Henry James, in 1854, that the correction for the 
dynamic effect of the wind must be applied before observations made 
during high winds can be used for obtaining the static pressure in or 
elasticity of the free air. 

But the determination of this dynamic effect of the wind for every 
special building or room and every direction and velocity of wind is 
difficult and impracticable ; neither is it sufficient to carry the barome- 
ter into the open air, since the effect of any obstacle in the vicinity 
AS well as that of the barometer cistern still remains to be considered. 
The only satisfactory method consists in connecting the barometer cis- 
tern by a closed tube with some point in the open air, the pressure at 
which, after allowing for the effect of the wind, has a definite established 
relation to the static pressure in the free air. Several methods have 
been proposed of allowing for this conversion by obstacles of kiuetic 
energy of wind into static or barometric pressure, but it is best, if pos- 
sible, to so expose the barometer that such effects will be avoided alto- 
gether, or at least reduced to an inappreciable quantity. The method 
given in the section on pressure anemometers (see Fig. 55) suggests the 
simplest and best solution of this problem as yet offered. This consists 
in establishing in the open air two large circular horizontal plates a 
short distance above each other, as shown in Fig. 25 ; from the center 
of the lower plate a tube extends to a small chamber that incloses a 
barometer, or the tube may extend simply to the open leg of the siphon 
barometer. If the opening O of the tube is precisely flush with the 
disk A A, and the wind between the plates moves perfectly parallel to 
AA^ then no dynamic effect is produced at O, and the pressure within 
the tube is the same as that between the plates and in the free air around 
them. By subtracting from the pressure P the weight of the vertical col- 
umn of air in the tube between and P there results the correct static 
air pressure at O. 

Strictly speaking, the plane of the plates should be parallel to the 
wind, but the effect of a small inclination is inappreciable. The dis- 
tance apart of the plates is indicated by the fact that in this method it 
is assumed that the air between them has a steady flow in lamina par- 
allel to the plates. This condition is not realized whenever any outside 
disturbance introduces the turbulent flow discussed by Sir William 
Thomson in the Philosophical Magazine, September, 1887. The condi- 
tion of stable flow, as verbally given by him at the Manchester meeting 
of the British Association, for water must also obtain approximately 
for air, and for the present problem may be expressed as follows : 

Steady motion becomes easy and turbulent motion becomes difficult 
when the distance between the plates is equal to or less than the diam- 
eter of the plates multiplied by the ratio —coefficient of viscosity of 
the air divided by coefficient of skin friction of the air ou the plate. 



CHAPTER IX. 

MISCELLANEOUS BAROMETERS. 

The mercurial barometer is not to be transported without great care 
and mnch risk of accident. The effort to obtain a more portable and 
less expensive instrument has led to the invention of several forms, 
which are in general designated as differential or interpolation instru- 
ments, because they can give true pressures only in so far as they are 
checked at several points of their scales by comparison with standards. 
Among these modified forms the most important are the sympiesometers 
and aneroids, designed as portable instruments, and the Moreland and 
Howson patterns, which are not portable, but by their enlarged scales 
allow slight changes in pressure to be easily recorded. 

er. ANEROID BAROMETERS. 

The aneroid measures change in atmospheric pressure by their effects 
in bending some form of metallic elastic spring. The two principal 
types are the Yidi and the Bonrdon. In the Yidi, which is the earliest 
invention,* an elastic spring is attached to the ends of a flat cylinder 
whose top and bottom are elastic corrugated surfaces, which are kept 
from touching each other by the spring. The air is in great part ex- 
hausted from within the box, and the spring therefore bears up the 
greater part of the atmospheric pressure, but by its elasticity yields 
slightly to every change in pressure. In order to observe the motions 
of the spring they are greatly magnified by levers, cog-wheels, wheel 
and axle, microscopes, reflecting prisms, or other means. In the Bonr- 
don aneroid the elastic spring is a thin, hollow, metallic ring, nearly 
exhausted of air, either circular or spiral, and whose cross-section at 
any point is an ellipse, whose longer axis is perpendicular to the plane 
of the ring. In this instrument changes of external pressure produce 
a change of curvature in the circular axis of the ring, whose closed ends 
therefore approach or recede from each other, and their movements are 
measured as before by either mechanical or optical means. An ele- 
mentary analysis of the relation between the motions of the cylinder 
and the elastic pressure is given by Rev. E. Hill, in the Quarterly 

» Paris, Comptes Reiida.s, 1847, T. XXIV, p. 975. 
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Journal, London Meteorological Society, Vol. 1, ]87I-'73, p. 51. This 
principle is applied e&^pecially in the construction of the Bourdon steam- 
gauge 'y by filling the ring with liquid the instrument becomes a ther- 
mometer. 

Aneroids are not designed to give absolute and independent measures 
of pressure, but serve as very sensitive instruments of interpolation. 
The value of their scale divisions must therefore be determined by com- 
parisons at different pressures and temperatures with a standard mer- 
curial. In some forms of instruments a mechanical temperature com- 
pensation is introduced, but even in these the conversion of the aneroid 
readings into standard pressures demands an occasional study of the 
effect of the temperature of the instrument and of the pressure by means 
of comparisons with a standard barometer. A slight secular change in 
the reductions usually exists, depending on the gradual changes in tlie 
elasticity of the metal, and such changes are especially aggravated 
when the instrument is strained by subjection to a wide range of press- 
ure. As the measurement depends on elastic forces, no correction for 
changes in the force of gravity is required when the observer changes 
his location. 

The best aneroids are those made entirely of well balanced metallic 
parts, as in the ^^an^roide holost^rique'' of Kaudet, or those on the 
Bourdon pattern, but especially those of still simpler construction, where 
the small motions are measured by micrometer screws, as in the Gold- 
schmid aneroid and those patterned after it. 

68. 8TMPIES0HETER. 

This was designed as a more convenient portable form of barometer. 
The instrument owes its present form to the studies of August, but its 
earliest form was a modification by Hooke of the earliest air thermom- 
eter of Galileo. As constructed by Kopp, and Brunner it consists 
essentially of a cistern and short vertical tube. In the latter is a 
short column of mercury, above which a column of air is introduced in 
place of the vacuum (see Fig. 26). The measurement consists in de- 
termining the height of a column of m^cury required at any time to 
keep the inclosed air compressed into its standai'd volume. One such 
measurement made when the atmospheric pressure is also simultane- 
ously observed by means of a standard barometer, gives the coefficient 
(c), by which at any time the observed height of column (h) corrected for 
temperature and gravity may be converted into true barometric press- 
ure (fe) by the formula b=ch, 

69. THK HOBELAND BAROMETEB. 

In this form of the mercurial barometer the tube B (Pig. 27) is at- 
tached to one end of a balanced beam, RFL Wj whose other end is bent 
at L and carries the heavy weight TT. The moment of pressure du<* to 
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this weight is Wl sine a^ where I is the lever arm and a the inclination 
of the beam to tlie horizon, or of the index arm F to the vertical. Any 
change in atmospheric pressure causes the barometer tube B to sink or 
rise with reference to the mercury in the basin M. An equilibrium is 
maintained by the corresponding change in the moment of pressure of 
the weight TV. The position of the index F is read off on a scale placed 
behind it, and these readings arc converted into atmospheric pressures 
by means of a few comparative simultaneous readings of a standard 
barometer. 

70. THE H0W80N BAROMETEB. 

This instrument is a modification of the balance barometer, the 
connterpoise being a part of the barometer itself. It was first de- 
scribed by B. Howson (Proc. Inst. Civil Engineers, 1861; Proc. Brit. 
Met. Soc, I, page 81). By it a very open scale may be secured, and 
the changes in the position of the index proceed with sufiicient force to 
make a direct record upon the registering sheet. This form has there- 
fore been adopted in the ^^King Barograph" at the Liverpool observa- 
tory. In the Howson barometer (see Fig. 28) the glass tube ABB is 
firmly attached to a frame, FF; the cistern hb and the long rod move 
automatically, so as to preserve a balance between the upward atmos- 
pheric pressure at the bottom of the cistern and the weight of the mer- 
cury that it carries. 

There is attached to the cistern the long vertical glass rod C that 
penetrates the bore of the barometer tube; the pressure upon the top 
of this rod is very small (being that of a small column of mercury) 
which, with the weight of the rod, represents the downward pressure 
at the point where it joins the cistern ; the upward pressure at B is the 
fall atmospheric effect, and the nearly constant excess suffices to keep 
the cistern and its mercury from falling away from the tube down to 
the ground. When the pressure rises the rod and cistern are lifted, and 
vice versuj so that the difference in level of the mercury in the tube and 
cistern is that corresponding to the new pressure. The amount of rise 
or fall of the cistern necessary to accomplish this result depends upon 
the ratio between the areas of the horizontal sections of the mercurial 
columns in the cistern and in the tube. 

71. THE INTEGBATIN6 BABOHETEB. 

By reversing the pressure compensation attached to astronomical 
clocks the clock rate can be made to depend largely on the atmospheric 
pressure, so that it becomes an index of the changes in pressure that have 
prevailed during any given interval. This idea appears to have been 
first embodied in an apparatus by O. F. Hall, exhibited at the London 
World's Exhibition of 1851 ; Bankine in 1853 described an improved 
form. About 1882 W. P. Stanley constructed his chrono-barometer, but 
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bis report in 1886 (see Quarterly Journal, Royal Met. Soc., XII, p. IIC) 
of the first three years' work shows that the apparatus needs simplifi- 
cation before it can become widely used. Stanley's chronobaroraeter 
consists essentially of a pendulum clock, whose pendulum is a glass or 
steel barometer tube whose cistern is an open-air chamber ; every rise 
in atmospheric pressure causes the mercury to rise in tbe barometer 
tube and gives the clock an increased gaining rate. His own iustra- 
ment gained at the rate of twenty-five minutes daily for a rise of I inch 
pressure. 

Note.— For a general description and bibliography of barometers, see W. EHis 
Brief Historical Acconut of the Barometer (Quarterly Joamal of tbe Royal Meteoro- 
logical Society, July, 1886, Vol. XII. 



CHAPTER X. 

BABOOBAPHS. 
Y3. eSNERAL COXDITIONS. 

In the constractioQ of self-registcriDg barometers there has not been, 
nutil very lately, an appreciable direct progress towards perfection. 
This is because the antomatic register is merely a mechanical device, 
and each new form of instrament is usually constructed on a different 
principle from the previous ones. Thus we have several totally dis- 
tinct systems of self-registration; barographs constructed on the same 
mechanical principle will often differ somewhat in the details of con- 
struction, and thus each new style of instrument has introduced new 
sources of error without eradicating the old ; the object has seemed to 
be to devise a new, a cheaper, or a more portable form without, special 
endeavor to secure higher accuracy'. 

Under each of these systems the following points are to be considered 
in deciding upon the excellence of any barograph: 

(1) The instrument must be automatic and require the presence of an 
observer as seldom as possible to make changes. 

(2) It must have as nearly as possible the accuracy of direct observa- 
tions. 

(3) It must be self-compensating as regards changes of temperature. 

(4) The curves should indicate directly the changes of pressure. 

(5) The direct control observations should not be required oftoner 
than tri-daily. 

(6) The instrument should be stable and not liable to get out of order 
easily. 

(7) The registration should be continuous and on a sufficiently large 
scale. 

(8) The instrument should not be too expensive. 

(9) Errors of capillarity should be avoided. 

(10) The time scale should be open enough to be read easily within a 
half minute, and be accurately regulated by a standard clock whose 
error is known at any time. 

(11) The scale division should have uniform values expressed in at- 
mospheric pressures. 

73. HISTORICAL DEVELOPMENT. 

Is was early recognized tiiat some method of preserving a record of 
the fluctuations in the readings of barometers was needed for the use of 
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meteorological observers, as a sufficient uamber of direct observations 
cau Dot be made without much labor and expense. Accordingly, as early 
as 1670 or 1G80, Samuel Moreland, an Englishman, invented* his so- 
called steel-yard barometer (the modern balance-gravity barometer), 
and exhibited it to King Oharles IL One of the same kind was made 
by Adams for George III in 17S0,f and Lnz, 1784, mentions the fact that 
there were two of the same kind in existence in 17804 The laxity in 
regaitl to meteorological observations:, however, caused the considera- 
tion and general adoption of self-registers to languish until towards the 
middle of the present century. T^he early barograph -records only in- 
dicate in a general way the curve of bkrometric pressure, because the 
nature of the errors and the proper method of reduction of the instru- 
ments were but little understood, and because the comparison barome- 
ters were quite inaccurate. 

The various forms of barographs have been described in papers scat- 
tered through scientific periodicals and reports. The best collected 
accounts are by Eadau,§ £tudes sur I'Exposition, Paiis, 1867, and Carl's 
liepertorium, 1867, III; Wild, in his Memoir on Barometers, || and- 
Ellis's History of the Barometer (Quar. Jour. Uoyal Met. Soc, 1887). 
Most Of. the various forms at present in use can only be briefly men- 
tioned here. Barographs are to be classified as (I) mercurial and (II) 
aneroid, and these again are divided into the following four systems, 
according to the general principle of registration: (1) Photographic, 
(2) mechanical] (3) electrical; (4) balance (gravity). 

74. MERCURIAL BAROGRAPHS. 

(a) Photographic method. — This manner of self-registering was sug- 
gested by G. Brooke,i[ in 1847 ; and also in a paper of the same year by 
Eonalds.** The modification now used is known as the Kew system, 



* See Fogg. Ann. »Bd. 133, S. 430, 1868; Encyclopedia BritaDnica; Bees's Eunycio- 
pcdia; Hutton's Math. Dictionary, Vol. I, p. 208; Gebler's Phys. Worterb., Bd. I, S. 
774; Marbach's Worterb., Bd. I, S. 157 der ersten Anflage, or S. C73, der zweiten 
Aiiflage ; August's Worterbuch, Bd. 1, S. 215 ; Radau, Etudes sur TExposition de 1867, 
Paris, 1867, p. 18. 

t Job. Friedr. Laz, Obercaplan zn Ganzenhausen, 1784, VoUstandige . . . Beschrei- 
bung von alien . . . Barometern, etc., nebst einem Anbang, seine Thermometer be- 
trt'ffend. 

I J. G. von Magellan's Beschreibnng a. s. vr., Leipzig, 1782 ; Rozier*8 Journal de 
Physique (Paris, 1782). 

$ Radau, Zur Geschicbte nud Theorie des Wagebarometers, Pogg. Ann., Bd. 133 
(1868). 

II Ueber die Bestimmung des Laftdrucks, von H. Wild, Repertorium fUr Meteoxs>- 
logie, III, 1874, herausgegeben von der Kaiserl. Acad, der Wisseuscbafben za 8t. 
Petersburg. 

IF Ch. Brooke, On the Automatic Registration of Magnetometers and other Meteoro- 
logical Instruments by Photography, Philos. Transact, for 1847, P. I, p. 59 to 69. 

*"* Ronalds, On Photogr., Solfregistr., Metcorol. »nd Magnet. Instruments, Phil, 
Trans., Loudon, 1847, p. lU, 



!■ ■_?■ * ^WV 



REPORT OP THE CHIEF SIGNAL OFFICER. 151 

it has been described in many text books; illastratious are ^iven in 
the catalogaes of English meteorological instrament makers. For a 
very fall description see the report of the meteorological committee of 
the Boyal Society for 18G7. The process consists essentially in getting 
a continaons photographic record of the varying distance between the 
top of the mercury column in a barometer with large cistern and a fixed 
line above the mercury column. Thus, if A is the distance between the 
mercury surface in the cistern and this fixed line, and B is the total 
height of the column, the photograph will show the distance A—B. 

These barographs are in official use at Kew, Greenwich, Oxford, 
Aberdeen, Armagh, Stonyhurst, Glasgow, Yalentia, Falmouth, Brus- 
sels, San Fernando (by Salleron), Lisbon, Ooimbra, Toronto (one was 
active for several years at Washington). By allowing the "fixed" 
line above the mercury column to rise and fall with temperature the 
resulting records are approximately corrected for the temperature, but 
the capillary irregularities of the mercurial column must still be notice- 
able, since the meniscus varies in all ordinary size barometer tubes as 
the mercury rises or falls in the tube. The mean error of a comparison 
of this photographic curve with a barometer observed directly is given 
by Carpmael as about :J=0.0(>26; the greatest discordance in three 
months' work was 0.006 inch. The photographic method is not wholly 
satisfactory for several reasons, in addition to the expense and the care 
necessary in attending it. The records lack the clearness of registra- 
tion that is desirable; the advantage that no work is required of the 
mercurial column is counterbalanced by the want of definite knowledge 
as to the influence of hygrometric and thermal influences on the photo- 
graphic paper, and the inability to photograph in a few seconds the 
sudden changes of pressure that frequently occur. Finally the time scale 
is so small that changes within a few minutes would not be recognizable 
even if the photographic process could record them, so that the simul- 
taneity of other registered phenomena with those of the barometer can 
not be established with any degree of refinement. In general, however, 
it may be allowed that as constructed by the English makers the con- 
tracted scale for time and pressure is quite in accord with the sluggish- 
ness of the barometric and photographic processes. 

{b) Mechanical methods, — Under this class comes the barographs of 
Kreil,* Lamont,f Buyson,| Hough§ (which combines mechanical and 
electrical), Eedier, || fTegretti and Zambra, and others. 

These instruments, by purely mechanical means, give the fluctuations 
t>f the mercurial column as represented by the motions of a float in the 

* Kreil, Magnet, nnd meteorol. Beobachtangen za Prag, Bd. 3, S. 131, Prag, 1843. 

t L&inont, Beschreibang der Neaen Instramente . . . MiinclieDj 1851. 

t R. BrysoD, Description of a new self-regiatering Barometer. Transact, of the R. 
Society of Edinburgh, Vol. XV, 1844. 

$ Hough, Description of an automatic registering and printing Barometer, Albany, 
ld(>5. Silliman's Journal, 18G6. 

I Annnaire 4e VObservatoire de Mont-Souris pour Tan 1878, p. S59r 
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short leg of a syphon barometer. This form of iustrument is the sim- 
plest in constmction, and gives good results with a proper arrange- 
ment of recording apparatus. 

The Kreil barograph is among the best of this kind, and has been used 
extensively in Europe. At the Central Meteorological Office in Vienna 
oue has been in use for many years, and the published barometric 
pressures are as taken from this instrument after proper corrections. 
Kreil* gave ±0.21"™ (0.008 inch) as the probable error of a comparison 
of his Prague barograph with a Fortin barometer 5 the probable error of 
a single registration was ±0.10™". The barograph at Vienna gives a 
probable error of about ±0.15™". The objection to this form of instru- 
ment is that the irregular capillary changes enter into the results, as 
there Is no appliance for raising the mercury in the legs, so that when 
registrations are continuous the marking pencil, by its fractional contact 
with the recording paper, diminishes the sensitiveness. 

Examples of these instruments are in use as follows : 

Kreil barograph, at Brussels, St Petersburg, Dorpat, Vienna, Krems- 
mUnster, Prague, Pesth, Munich (f ). 

Bedier barograph, at MontSouris, Puyde-Ddme, Pic du Midi(?). 

(c) The electric methods. — Wheatstonet seems to have been the first 
to suggest the application of electricity to the automatic registering 
barometers. In general, one pole of a battery is in contact with the 
mercury of a syphon barometer, and at fixed intervals of time the pla- 
tinum contact point at the other pole of the battery is made to descend 
the open leg of the barometer until it comes in contact with the exposed 
mercury surface or metallic float on the surface, when the circuit will 
be closed. The current caused by this closing of the circuit can be 
utilized in several ways to record the height of the mercury column in 
the open leg at the time of contact. 

Jelinekf suggested improvements on the Wheatstone form, but Da 
Moncel (1856), Eegnard (1857), Montigny (1857), and Hough §|| (about 
1862) were inventors of an electric automatic registering and printing 
barometer, which has also been independently reinvented by Theorell.fl 



* Kreil, Magnet, und meteorol. Beobachtnngen zii Prag, Bd. 3, S. 131, Prag, 1843. 

t Wheatstone, Enregistreur 61ectro-magn6tiqiie poar les observations m6t6orol., Ar- 
chives de rdlectricitd, par A. de la Rive, 1844, Vol. IV, pp. 170-173; and Traits de 
t^l^graphie dlectrique, par A. Moigno. 

t C. Jelinek, Beitriige znr Construction selbstregistrirenden meteorologischer Ap- 
parate, Sltssungsber. der Wiener Academic, Bd. V, 1850. 

$ Hough, Description of an automatic registering and printing Barometer, Alban^) 
1665. Silliman's Journal, 1866. 

II Hongh, Annals of the Dudley Observatory, Vol. II, Introduction, p. XXV, Albany, 
1871. 

If Dr. A. G. Theorell, Description d'un m6t(k>rographe enregistreur, Nova Acta Reg. 
Soc. So. Upsala, Ser. Ill, Vol. VII, Fasc. I, 1860; and "Description d'un m^t^ro- 
graphe imprimeur. Kongl. Svenska Vetenskap-Akademions Handl., Bandet 10, No. 
7, 1871; also Oesterreichische Zeit. ftir Meteor., 1875. 
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The Rysselbergh barograph • (or meteorograph) is a devioe similar to 
that of Hough and others for electrical registratioD, by which the press- 
ure or other curve is engraved directly ou a metal plate, from which it 
can be printed without further reduction. 

The form finally adopted by Hough has a float in the open leg of the 
barometer, and the actual electrical contact is made outside of the 
barometer tube ; this is to avoid oxidation of the mercury by the spark. 
Hough claims for his instrument that the mean error of a single read- 
ing, when compared with a standard barometer, is only plus or minus 
.0035 inch. His instrument is compensated for temperature changes 
by supporting the tube on a brass rod. Eubenson, in IJpsala, finds the 
deviation of the Theorell barograph to be ±.005 inch for a single read- 
ing. This accuracy, like that given for Kreil and other barographs, 
when new, would seem scarcely probable, however, when the exposed 
mercury surface has become impure. In the case of the Hough and 
Theorell barographs the inventors have addM a mechanical counting 
device, by which the reading of the barometer at each registration is 
printed in figures on a strip of paper. One advantage of this form of 
instrument is that the record can be simultaneously printed at any dis- 
tant place. 

There are instruments of the Hough form at the Dudley Obser- 
vatory, Albany; at the Signal OQce, Washington, D. C. Theorell 
meteorographs are at the Meteorological Bureau at Vienna, at Stock- 
holm, at Upsala, and at Copenhagen. The one at Vienna, however, is 
not used for obtaining published hourly readings. The Bysselbefgh 
barographs (meteorographs) are used at Brussels, Triest, Batavia, and 
Utrecht. 

{d) The gravity methods or the balance barographs. — The principle of 
the steelyard barograph, invented by Moreland «bout 1670, has been 
applied with success by many inventors. The idea is merely to give 
the variation in weight due to variations in atn^ospheric pressure. If 
we fasten to one end of a balance the upper end of a free filled barom- 
eter tube, which has its lower end immersed in a vessel of mercury, 
and we counterpoise the other end of the balance by means of a weight, 
then the variation in atmospheric pressure will cause the ends of the 
balance to rise and fall. That is, the downward force exerted on the 
end supporting the barometer will vary with the pressure of the atmos- 
phere and a motion will be given to the balance arm, which motion is 
to be recorded and measured and interpreted. 

Of the forms at present in use Secchit was the first to construct an 
instrument, about 1858, and he seems to have considered his meteoro- 

*Van Rysselbergh, Notice snr nn syst^me mdt^orologiqae nniversel, Braxelles, 
1873. On a Universal System of Metoorography, Quarterly Joarnal of the Meteoro- 
logical Societyi 1875. Zeitschrift der Oesterreicliischen Gesellschaft ffir Meteoro- 
logies Baud, X. 

t Memorie delP Os<ier7atorio delP CoUegio Romano, 1859, No. I, p. 1. 
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graph to be new in principle. Then followed Wild-Hassler,* Schreiber,t 
Greiner-Faess,:^ ** Salleron, § and Sprang.!! The relative accuracy at- 
tained by these instraments is shown by the following shmmary state- 
ment: 

Schreiber finds for his instrnment the probable error o? the difference 
between a redaced reading of his barograph aud a normal barometer 
to be ±.007 inch, whence the probable error of a single reading of 
the barograph results 0.005 inch. Wild,tl after ten years' progressive 
experiments, obtains 0.003 inch as the mean error of a single reduced 
reading of his barograph at Pawlosk (this instrument has a tapping 
device to overcome the capillary adhesions). The GreinerFuess-More- 
land instruments at the Hamburg Seewarte attain an accuracy of 
±0.16"™ or 0.006 inch.** Sprung has reached an accuracy of ±0.003 
inch almost at the outset with his form. Wolfers finds a mean error 
±0.10"" or probable error ±0.07"" for the Wild-IIassler barograph at 
Berne. Both Wolfers and Wild find a systematic difference of 0.28"" 
between the rising and falling pressures due to capillarity. 

The balance barograph is in actual use as follows: (a) Professor 
Wild's form at St. Petersburg, Pawlosk, Nicolaijew, Tiflis, Moscow, 
Pola, Pekin, Berne, and Washington ; {b) Professor Schreiber's form 
at the Seewarte, Hamburg ; (c) Messrs. Greiuer-Fuess's form at the See- 
warte, Hamburg, and at the principal German stations; (d) Dr. Sprung's 
form at Magdeburg, Copenhagen, the German circumpolar stations, 
Seewarte, Hamburg, and Spandau; (e) Salleron's form at Mont-Souris; 
(/) Secchi's at Borne (the one at Washington is now dismounted); 
{g) King's barograph at Liverpool. 

{e) Miscellaneous forms. — ^In addition to the barographs already men- 
tioned there have been proposed also other forms; for instance, the 
Schreiber hydrostatic ft barograph, of which there was one on exhibition 
at the Deutsche Seewarte in 1883; Fuess* also proposes to insert a metal 
horse-shoe magnet float in the closed end of a barometer and let the 

* H. Wild, Die selbstregistrirenden meteorologisclien InatrumenU) der Sterawarto 
iu Bern ; Carl'a Repert. der physik. Teclinik, Bd. II, S. 161, 1966 ; MittheiluDgen der 
Bemer natarf. Gesellsehafb von 1862 bis ie64. 

t P. Schreiber, Untersochangen tlber die Theorie uud Praxis des Wagbarometers ; 
CarVs Bepertorittm fUr exper. Physik, Bd. VIII, S. 245, 1672; also the volumes for 
1878 and 1879; Oester. Zeitsohrift fUr Meteor., 1879 and 1881 ; Aus dem Archiv der 
Deutschen Seewarte, Vols. I and YII. 

X LSwenherz, Bericht Uber die wissenschaftlichen Inst, auf der Berliner Gewerbe- 
Ansstellung, 1879, p. 231 ; Arohiy der Deutschen Seewarte, Vol. I. 

$ Annuaire de TObservatoire de Mont-Souris pour Tan 1878, p. 265. 

y A. Sprang, Bericht Uber die wissenschaftlichen Instruinente auf der Berliner 
Gewerbe-Ausstellung im Jahre 1879; Oester. Zeitschrift fur Metoorologie, 1877, 1881, 
and 1882; Zeitschrift fUr Instrnnientenkunde, 1836, pp. 161) and 232. 

IT H. Wild, Annalen des phys. Cent.-0b8. St. Petersburg, Jahrgang 1878, Theil I. 

**H. Eylert, Untersnohungen fiber den Moreland'schen Gewichta-Barographenvon 
B. Faess in Berlin, Zeitschrift fiir Instrumentenkunde, 1886, VI. 

tt Oesterr. Zeits. fUr Meteor., 1881, 
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motioDS of this float bo conveyed to an index by means of a movable 
magnet on the outside of a tube, this outside magnet following the mo- 
tions of the float inside. 

The Draper barograph in use at Central Park, New York; Provi- 
dence, and Blue Hill, Mass., has a fixed barometer tube immersed in a 
cup of mercury; this cup being hung on springs, its variations of 
weight are registered by means of a pencil which follows the motions 
of the vessel. 

79. ANEROID BAROeBAPHB. 

The Hipp aneroid barograph, which is described with illustrations in 
the Oester. Zeit. fUr Meteor., 1871, registers at fixed intervals the posi- 
tion of the indicator of an aneroid by means of pressing a point against 
the registering paper. An improvement by Osnaghi was made after- 
wards (Oester. Zeit. fttr Meteor., 1873), and a still later description is 
given by Neumayer (Seewarte Instrnctions, 1879, and Archiv., Vol. I). 

The wide diffusion of this apparatus is shown by the following list 
of places where it is found. Cracow, Vienna, Pola, Prague, Agramj 
Moucalieri, Turin, Milan, Naples, Vicenza, Padua, Venice, Hamburg, 
and Modena. 

The Hottinger aneroid barograph, as described and iu\cestigated in 
Oester. Zeit. flir Meteor., 1881, appears to give results within zt0.2'»"» of 
the true barometer reading when it is used as an interpolation instra- 
ment, but Wolfers finds ±0.10™°* and ±0.08"™ as mean errors of one 
corrected reading for the two specimens of these barographs at Zurich 
(see Schweiz. met. Beob., XIII, 1876). 

The Naudet and Bichard bai-ographs give good results, and several 
forms are advertised in the current catalogues of English and French 
makers. 

The reduction of the records of an aneroid barograph is made by 
means of formulse similar to those employed for ordinary barographs. 
It is particularly necessary, however, to have an even temperature for 
these instruments, and they can in no case be used as other than inter- 
polation instruments. In most of the first-class observatories where 
these instruments are found they are merely used to interpolate any 
breaks that may occur in the mercurial barograph record. Their porta- 
bility and cheapness fit them for use at all stations where the large 
instruments of Wild or Sprung are not practicable. 

76. BEDVGTION OF BABOGBAPH BECOBDB. 

(a) Methods of registration. — The curves by which the pressure is act- 
ually registered may be divided into two classes, continuous or in- 
termittent. In the latter case the record may be at every minute or 
ten minutes, or any chosen fixed period. 

* Zeita. fiir Inatr.-Kunde, 1883. 
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For most cases of coDtioaous registration tbe marklDg-point mast be 
contioaally iu direct mechanical connection with the barometer, and 
mast be very sensitive to barometric changes. The friction of this point 
(it may be a pencil, pen, or metallic point) against the recording paper 
can be avoided by using Thomson's electric pen. However, the pho- 
tographic method and Hough's or Sprung's method are exceptions to the 
generality of instruments, and are the best form of continuous registra- 
tion yet invented. 

There are two general methods of discontinuous registration. In 
the one a hammer or its equivalent is made to descend on the marking- 
point, which is thereby caused to puncture the registration paper at the 
point over which it has been brought by reason of the communicated 
barometric variations ; after the puncture is made the marking- point 
frees itself from the paper. The armature and attached hammer are 
operated by clock-work, which causes the circuit to close for an instant 
at stated intervals. Such an arrangement is found in the Wild baro- 
graph. 

• In the second arrangement, which is used in connection with the 
electrical method, a rod (usually with a platinum wire point) is made 
to descend at regular intervals whenever a circuit is closed by action of 
a clock-work. This descent can be so regulated that each 0.001 of an 
inch of motion causes a toothed wheel, geared into connection, to turn 
one tooth. This wheel communicates the motion to others, and they are 
so arranged that for each 0.001 of an inch of barometric motion type- 
wheels or counters with tenths, hundredths, and thousandths in the cor- 
rect relation are brought over the registering paper, and by the auto- 
matic closing of a circuit the printing wheels are pressed against the 
paper. Thus we have the barometer reading printed automatically. 

Such apparatus is used for the Hough and Theorell barograx^hs. In 
all the forms of registration (with the exception of the self-printing 
meteorographs) there must be a reference point or line marked on the 
paper at the same time that the height of the barometer is recorded, so 
that the ordinate of the barometric curve can be read off from the sheet. 
These reference points are made by a marking-point, which has a per- 
manent fixed position, so that the records of the point made on the 
paper will form a straight line, and along this straight line are to be 
laid off the abscissae of the barometer readings corresponding to the 
time. 

The recording sheet may be mounted either on a flat plate or on a 
cylinder, but in any case this support for the paper is moved by clock- 
work. In most cases a flat surfiice is used, as in the case of the baro- 
graphs of Wild, Kreil, Sprung, Hough, Theorell, etc. In the Kew (pho- 
tographic), Schreiber, Redier, etc., barographs a cylinder is used. It is 
not necessary to give a clear account of the various forms of registra- 
tion, as almost every ouo utilizes a different mechanical device, and 
similar methods of redaction apply to all. 
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(b) The reduction of the observations. — ^The conversion of barograph 
recorda into correct pressures involves the following considerations: 
The record sheet shows a straight line at the bottom, which represents 
the position of the fixed reference point of the barograph. Above this 
reference line is the curve drawn by the moving point, which shows the 
fluctuations in the height of the mercurial column. On the flxed refer- 
ence line the times are marked off, and are given by the distances or 
abscissaa from the beginning of the day to any point on the reference 
line. A point on the barometer curve, which lies on a perpendicular to 
a point on the reference line, shows the barometric registration for 
that special time. The length of the perpendicular between the fixed 
line of reference and the barometric curve is called the ordinate. It is 
with these ordinates that we have to deal in order to find the true 
pressures corresponding to the different points of the barograph curve. 
This curve in itself shows only that the barometer rose and fell. The 
pressure or change in pressure at any time can only be told when the 
values of its scales of ordinates and abscissse are determined. In order 
to know these values and make the reduction to absolute measures a 
series of *' control observations" is instituted, t. 6., a reading is made of 
a standard barometer at least three times a day, and the position of the 
marking point of the barograph at that time is marked on the barograph 
curve. The ordinate of that point corresponds to the height of the 
barometer, as observed by the eye, and from several of these ordinates 
on each sheet and the known actual height of the barometer the abso- 
lute height of the barometer at intermediate points can be found by a 
method of interpolation. Labor is saved and better results attained if, 
instead of dealing with each barograph sheet separately, the 90 or 100, 
control reculings for a whole month (taken at very diverse pressures 
and temperatures) are used to determine the instrumental reduction 
constants once for all. These may then be used until a trial shows them 
to have changed. By means of these constants the ordinates can be 
reduced to true barometer readings with little trouble. Wild has given 
a theoretical discussion of a method of getting these constants in his 
paper on barometers (page 135); but different instruments require 
different formulse, and a given formulae is adopted only when it is found 
by actual trial to be satisfactory. 

In practice Wild* arranges for each month the ordinates x according 
to their lengths in groups of ten, and the corresponding direct readings 
of the barometer reduced to 0^ C, which we call A, are placed opposite. 
Thus nine groups of ten each of ^'s and of /t^s are obtained. These 
must satisfy nine empirical equations of the form 

h=a+bx+cx^ 

using the mean x and h of each group of ten ; the ab c are the con- 
stants to be determined. From the nine cqu:itions find by the method 

*H. Wild, Annalen desphya. Cent.-Oln. Sr. PotJMJiirg, Jabrgang, 1878, Theil I. 
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of least squares the values of a, h^ aad c. The values of these constants 
will probably vary somewhat with the seasons. Assume values of or, 
commenciDg with the least observed values and taking them at inter- 
vals up to the greatest observed, and with the constants already known, 
ah c^ compute the corresponding values of h. Plot the results, using x 
as abscissa and the A's as ordinates, on cross section paper and draw a 
curve through the points. From this curve the barometer height (A) 
can be read off corresponding to any ordinate (x) as read from the baro- 
graph sheet. A simpler and less accurate process is used at the ob- 
servatory at San Fernando, Spain, where the photographic registrations 
on each sheet are reduced separately. The ordinates and absciss® are 
read by means of a scale, and the reduction formula is 

6— B=ca? 

where h is the barometric height observed simultaneously with the reg- 
istration of the ordinate a:, B is the distance to the fixed line, and c a 
constant. Control observations are made four times a day ; the extreme 
ones are used in determining the c, and all four in getting the B. 

The experience of Mr. Eylert in finding a method of reduction for the 
Oeisler-Fuess *^ bent-lever barograph " used at the German stations is 
interesting and instructive.* He at first tried the formula 

JB=C-f-ay+6e 

where J3is the true pressure, Cthe pressure which corresponds to a reg- 
istration on the abscissae axis at 0<^ temperature, y the ordinate of the 
barogram, and t the temperature of the instrument. From a large num- 
ber of comparative readings he determined (7, a, and &. '^he results were 
very unsatisfactory. Eylert next introduced a term, c}?^ but that gave 
no better results. Finally, in November and December, 1885, a number 
of comparative readings were made, both with rising and falling barome- 
ter, with a variation of pressure of 32"" and a variation of temper- 
ature \2P C, by cooling and heating the room. He now adopted as the 
formula for reduction 

which he had deduced from a study of the mechanism of this form of 
barographs. The terms c^^ and Ayt were due to inconstant action of the 
weight, and hi to the irregular effects of temperature. The new system 
of equations being solved by least squares for C, a, 6, c, A gives excellent 
accordance between the standard pressure and the reduced records of 
the barograph sheets : 

In 61% the deviation was under 0.2°"; 

In 96% the deviation was under 0.3"" j 

The mean deviation was only ±0.16"". 

* H. Eylert, Untcrsuchangen fiber deti Morelaud'schen Gewiclits-Barographen tod 
B. Fueu in Berlia. ZoltBOhriffc fUr lastramentenkande, 1866, VI, p. 269. 
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This illastrates the important general principle that analysis must 
dictate the form of the equation or the manner in which the known and 
Unknown qaantities are to be connected. 

7r. SPEU1CG*8 FIRST BALANCE BAB06BAPH WITH 8UDIN0 WEIGHT. 

In the Austrian Zeitschrift fiir Meteorologie for 1877 Dr. A. Sprung, 
then of the '< Deutsche Seewarte," published a new principle of construc- 
tion for self registering barometers. Fuess, of Berlin, constructed an 
instrument according to Sprung's designs, which was found to work sat- 
isfactorily, and with an accuracy equal to that of any other form of 
instrnment. This instrument was first described in the '^Bericht iiber 
die wissenschaftlichen Instruments auf der Berliner Gewerbeausstel- 
lung, Berlin, 1879," where Sprung gives the mathematical analysis of 
its action. 

It is important to consider its construction and error in detail, as the 
reliability of its records is apparently not inferior to the best eye and 
hand observations with ordinary station barometers. 

The accompanying figure, 'No. 29, shows the plan of its construction, 
and the following analysis is as given by the inventor : 

Instead of moving the whole barometer tube, as in other cases of 
balance barographs, in the present case the tube remains practically 
stationary, and a balance weight with the recording pencil is kept in 
motion Instead; thus no friction affects the accuracy of the registration. 
The changes in statical moment caused by changes in weight of the 
barometer B are counterpoised by the automatic sliding of a weight on 
the other end of the balance beam, and the position of the sliding 
weight is shown (by a recording pencil, 8) on a brass tablet covered 
with paper, which is moved by means of clock-work. The clock moves 
a vertical connecting rod, f, whose upper eiid, by means of a two armed 
lever beam turning in h, which at the same time bears an iron anchor, 
a, can be shoved a little from left to right. This motion causes a bev- 
eled wheel with rough edges, fastened on the upper end of the connect- 
ing rod f, to work first to the left then to the right on two similar bev- 
eled wheels, which are both firmly fixed to a horizontal steel screw, c &^ 
running under the long beam on the left, and let this screw rotate first in 
one direction then in the other. These rotations of the screw produce 
corresponding alternating displacements of an arrangement, F, which, 
partly by riding on the steel screw, partly by being driven by a beam 
arranged behind the latter, transmits these motions to the pencil SamX 
to the rolling wheel R, The transmission of the motion to R takes 
place by means of a small completely balanced lever arm, so that 
R always rests with its full weight on the long balance beam. The 
figure represents the connecting rod t in the position in which, by means 
of a spring,/, working on the right of both beveled wheels, it drives the 
rolling wheel R towards the left, and thereby increases tiio statical 
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moment of the left balance arm; for a very little shoving of the rolling 
wheel produces a slight descending motion limited by tlie two. screws 
8 <and s'j and closes at e (mercury contact) an electric circuit, in which 
the electro-magnet U is inserted. By overcoming the force of the spring 
/this gives, then, to the rod t the opposite position, so that, now work- 
ing on the left beveled wheel, it sets the rolling wheel R in motion in 
the opposite direction towards the right. In this way the statical 
moment of the left balance beam V is soon so diminished tliat it lies again 
on the upper screw «^, and therefore breaks the current at e, which then 
again causes the contrary motion of the running wheel, etc. 

For a constant weight of the barometer B the pencil S will draw a 
zigzag line, whose mean line is exactly parallel to that straight line 
which is made by another pencil S* fastened on the frame-work of the 
instrument. 

A slightly greater weight of the barometer will have the effect of 
making 8 draw a zigzag line a little further to the left. If the weight 
of the barometer is increased gradually the pencil 8 is so moved from 
right to left that the right one of the two beveled wheels, which are 
situated on the steel screw c &, works longer each time than the left one. 

Let L denote the length of the right balance beam ; 

I the distance of the running wheel B from the axis of revolu- 
tion of the beam ; 
P the weight of the barometer; 
p that of the running wheel B; 
and we have, neglecting the influences of temperature, the following re- 
lation, where J indicates a change in the value of the quantity follow- 
ing it. 

or 

JJ=JP:^ (1) 

that is, the movements of the running wheel along the beam are pro- 
portional to the changes in weight of the barometer. As, now, the sen- 
sitiveness of the apparatus is not at all connected with the enlargement 
of the tube in the neighborhood of the upper mercurial surface (but 
can be influenced to a high degree by the change of weight |i), it is pos- 
sible, by leaving out this enlargement, to avoid the chief causes of 
errors of the barograph due to temperature. One can, therefore, con- 
sider JP as proportional to the change of pressure J£, whence also 
the motion JI of the running wheel is proportional to the change in 
pressure JB. The curve drawn by the pencil 8 gives, therefore, with- 
out any reduction, a fairly true representation of the changes in the air 
pressure. By the help of an evenly divided glass scale, whose spaces 
are determined by the dimensions of the instrument, the barometric 
height can be read off at any point on the curve. 



RBPOET OF THE CHIEF SIGNAL OFFICER. 161 

• 

The first adjustment ou setting up the apparatus can best be done by 
the help of a standard barometer; but in order that a special barometer 
may not be needed for this and for the control of the rei^istering appa« 
ratns a scale, m, divided into millimeters (whose steel zero point can be 
pushed by a screw into the lower mercury surface), is placed on the ba- 
rometer tube B. As the diameter of the column amounts to 2 centi- 
meters this arrangement must represent a good normal barometer. 

The specimens of this barograph hitherto constructed show the 
changes in height of the mercurial barometer multiplied fivefold. It 
can easily be seen that this factor can be changed by applying another 
running wheel or weight p in equation (1) to the completed apparatus. 
The scale weight ^, placed on the left arm of the beam, is for the pur- 
pose of setting the pencil 8 at any desired place on the paper sheet. 

The influences on the instrument of its own changes in temperature 
must now be considered before discussing the further problem of how 
the weight P of the barometer, as ascertained by the direct weighing, 
is influenced by its temperature. As the glass tube in this apparatus 
is made smaller at the lower end, for the sake of greater stability and 
less friction, we assume the general case (including also the Moreland 
or bent-lever or angle counterpoise barograph previously mentioned) of 
a barometer tube of the form represented in Fig. 29, and suppose this 
to be hung on an iron frame-work holding the cistern F, 
Let P=the weight with which the barometer acts on the point of sus- 
pension. 
the absolute weight of the glass tube with the metallic scale 

fastened to it. 
Q^j Qt ^9 S'lid r the cross sections of the cistern, the wide and nar- 
row mercury column, and the wall of the narrow portion 
of glass tube, respectively. 
H and h the height of the upper and lower mercury surface, 

counted from the bottom of the cistern. 
i the height of the lower end of the glass tube above the bottom 

of the cistern. 
K the height of the point where the tube narrows above the 

bottom of the cistern. 
Vq the whole volume of mercury in use at 0^ C. 
8 and So the specific gravity of mercury at IP and Qo. 
B the barometer reading reiluced to O^. 
a, g, and e the coefficients of expansion of the mercury, the glass, 

and the iron, respectively. 
E the vertical distance of the lower end of the tube from the 

point of suspension. 
The subscript index e in general indicates the value of any sym- 
bol at Oo C. 
The weight Pon the point of suspension consists of the weight of the 
glass tube diminished by the buoyancy of the parts immersed, and of 

sia 87, PT 2 11 



162 EEPORT OP THE CHIEF SIGNAL UFFICEll. 

the weight of the whole mass of mercary which is foand above the 
under sarface; therefore 

P=G+(ff-JC)Q«+(£'-ft)g«-(*-t)r« . • • . (2) 

The condition that a rise of the mercury in the glass tube must cor- 
respond to a fall in the cistern is expressed by 

(£r-j5r)g«+(fi:-./0(z«+A(>'«-(A-»)r«=Fo?o ... (3) 

Finally, the condition that the difference of level in tube and cistern 
is inversely proportional to the specific gravity of the mercury gives 

(ff-/0«=BiPo W 

If we eliminate JET from (2) and (3) and from (4) and (3), and eliminate 
h from the two resulting equations, replace Q by Qo(^+2gt)j etc., and 

B by ^ ^^ ^ , and, for abbreviation, pat 
1+ar ' ' '^ . 



Qo+Qo-qo-n ^ ' 



there results 



The partial differentiation of this expression with respect to t gives 
the increase of weight that corresponds to an increase of temperature 
of 1° 0., namely : 

The partial differentiation with respect to B leads to the expression 
for the change in weight that corre8iK>nds to an increase in the height 
of the barometer by a unit of length, or 

^=CsoQ{l+2gt) (8) 

Denoting by x the apparent increase in the barometric height which 
would correspond to an increase in weight occasioned by an increase 
in temperature of 1°, we have 

dP . dP . J 

from which, by substitution from equations (7) and (8), we find 
dP 



dB 



"g,(i+eroO^'"*'^Tr '■•^} 
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In a less degree a? is dependeut ou t For t=0 we find, by omittiDg 
all terms which contain the very small Tq as factor, 

:ro=2Pi7+%^'(^o-A')(^«2(/)-%"??(i.V-irc^) . . (10) 
Vo V" 

Wherein k is replaced by 

E'-K=Eo(l+et)^Ko(l+gt) 
and i by 

j?-j=js;o (i+«0-^o(i+ff^) 

For the bent-lever barograph of the ordinary dimensions we substi- 
tute the following numerical values : 

Qo=7.0 sq. cm. 9o=0.5 sq. cm. Eo^83 cm. Ko=16 cm. 

Further 

a=:0.0001815 (/rrO.0000085 e=0.0000120 

Therefore from (10) there results 

a:o=0.0129+0.1022-0.0080=0.1071°"^ 

The error due to changes in temperature, causing an apparent change 
of weight of the barometer, amounts, therefore, to little more than.l°^°^ 
for each 10^ G. for the common barograph with enlarged tubes. 

For the running weight barograph with perfectly cylindrical tube, 
Q— 9=0; so that the expression (10) is reduced to 

a?o=2%(=0.0129«»°» for 760°»°» pressure) .... (11) 

The latter holds good with considerable closeness if only a very short 
portion of the tube is narrowed at the lower end, because then the small 
amount of the second and third members in the value of Xq nearly bal- 
ance each other. 

For lOo 0. change in temperature an error amounting to about 0.13"*'" 
is brought about by enlarging the cross-section Q of the glass tube; 
it is independent of the width of the glass tube. 

Thus an enlargement of the tube, limited to a short distance, modi- 
fies to a high degree the influence of temperature in the usual form of 
the balance barograph. One can also be easily convinced of this with- 
out computation, by thinking of the mass of mercury in the enlarged 
part as divided into two parts by a thin-walled extension of the narrow 
tube, continued up to above the level of the upper mercurial surface. 
As long as the dividing wall exists a rise of temperature (independent 
of the enlargement of the cross-section) can cause no change in weight 
of the barometer. However, as the inner column expands in a rise of 
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temperature much more tbau the sbortcr annular column that surrounds 
the inner cylinder, and as in the absence of the dividing wall the whole 
upper cross-section must reach the level of the inner narrow column, 
therefore as much mercury must enter the tube from the cistern as will 
be needed to fill the annular space to the height of the inner column. 
The increase in the barometric record occasioned by the rise in temper- 
ature corresponds to the weight of this ascending mass of mercury. 

It is easier to exclude these causes of error by a proper construction 
at the outset than to compensate for them afterward by any other ar- 
rangement. 

The influence of the chctnge in temperature on the motion of the run- 
ning wheel R is shown as follows: The following symbols are adopted 
in addition to those already defined: 
Let TFbethe weight of the balance beam (including the scale weight j/). 
M the distance of the center of gravity of this system from the 

point of rotation. 
P the weight of the barometer for ?=0, consequently at a very 

low barometric height. 
y the coefQcient of expansion of the metal of which the balance 
beam is made. 

The equality of the statical moments on both sides is expressed by 

■ 

pl=PL--Wm (12) 

or, in another form, 

l=P^a+yt)-jmo{l+yt) . . .-. . . (13) 
From tbis there results- 

d!=>+>'4f+^(^^«-^'»«) ...... (14) 

dl La dP 

Denoting by y the apparent increase of the recorded height, expressed 
in height of the mercury, which corresponds to an increase in tempera- 
ture of 10, we have 

dl dP 

_W dt , {P-'P')y . {P'Lo-'Wmo)r 
y-^dl^dP^^^ '^dP^ -,, . dP 

dB dB ^^+r*ydB ^o{i+rt)^-^ 

According to the definition of P' we get it when in (13) we put 1=0; 

so that 

P'Lo-Wmo^O (16) . 

with which, consequently, the last member of y vanishes. 
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The difforeuce, P^F\ in tjie second member of y, is to be found: from 
equation (6), as follows : 
. As a result of the special construction of the apparatus h and i re- 
main independent of the barome trie height 5 therefore, only the third 
term in (6) is to be taken into account. It becomes 

and the <^xpression for y, by considering the values of (9) and (8), 
changes into 

^ {B^B')y 

It was explained above that for this form of barometer tube x is re- 
duced to 

2Bg • 



x= 



l+2gt 



Accordingly, the whole influence of temperature on the running wheel 
is 

2Bg AB^B')y .... ,17) 

For temperatures near the freezing-point, if for brass y is assumed 
equal to 0.000019, B=76«^°', and J?- JS'^S*'"* there results as the extreme 
value 

y=0.01294-0.0015=:0.0144««. 

Therefore a temperature of 10^ causes an error, such that the results 
of the apparatus come out too high by 0.144°><». 

The smaller term in the second number of (17) is based on the expan- 
sion of the balance arm X, and is entirely dependent on the barometric 
height ; therefore, this lesser part can be considered as constant, and 
the correction is easily made, or, if it is considered desirable to be so 
accurate, an app aratus according to the principle of the metal ther« 
mometer can be applied. 

The exact motion of the running wheel or its pencil for a change iu 
pressure of l^^ is determined as follows : 

dp 

Substitute -^^ from (8) in (15) and there results 

or, if the valne for C from (5) is substituted, 

In this equation the enlargement of the tube needs to be considered 
more carefully* A auddeu narrowing of the glass tube at the lower 
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end, DO matter Low short it is, has the e£fect of making the ranning 
wheel perform a little less motion than if the narrowing were not there. 
If the tube be cylindrical then q=Q^ and 

This value is greater than (18). The cause of this is that for a nar- 
rowed tube the increase ^B of the difference in level, corresponding to 
the increase in pressure, consists partly in an elongation of the narrow 
lighter column, so that the corresponding increase of weight JP must 
become smaller in proportion as the lower column is narrower; this 
elongation is as great as the sinking of the surface in the cistern. By 
the narrowing of the tube the enlargement of the scale becomes a 
function of the width of the ci^rn. Without the narrowing it is in- 
dependent of it. However, as is evident from (18), the proportionality 
between the motions of the running wheel and the increase of pressure 
from the narrowing is not interfered with at all. . 

From these considerations it is evident that stress need not be laid 
on the importance of the greatest possible width of the cistern. One 
should choose this of only such a width that by making the narrow part 
as short as possible the point of narrowing will not reach the surface of 
mercury in the cistern. 

The barograph under consideration is very well fitted for registration 
at a distance. The apparatus of the receiving station consists of the 
clock-work, the writing tablet, the steel screw with rider and ]>encil, 
the electro-magnet,^ etc., while the balance beam, the running wheel, 
and the barometer can be at a distance. If, now, the electromagnet at 
the receiving station is inserted in the circuit of the barograph of the 
observing station both steel screws, and consequently the pencils, 
also, make identical motions if both beveled wheels on each screw are 
of thA same size. For the purpose of registration at a distance a little 
different construction of wheels would be better. Evidently also this 
registration can take place at the same time at several places. 

The result of several years' experience in the use of the Sprung baro* 
graph showed that the mercurial electrical contacts did not work as 
well as was desirable, and the later instruments have been provided 
with platinum contacts, according to the Buug-Lauritzeu method, as 
described in the Zeitschrift lUr Instrumentenkunde, 1884, p. 318. 

In the "Aus dem Archiv der Deutschen Seewarte," Vol. VII, 188C, 
is a description of a specimen of a slightly modified form of the Sprung 
barograph. 

78. SPBUNO'S NEW THBBM0-BAB06BAPH WITH SLIDING C0VNTBBP018B. 

Sprung has lately succeeded in combining the barograph with a self- 
registering air thermometer and has given the theory of this construc- 
tion in the Zeit< f. lust-Kundei 1886i In this new Instrament he finds 
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a mean error of it 0.04°**° for a single registration, which would imply 
that bis barograph gives results equaling in accuracy the best direct 
observations. This modified form apparently o£fers several advantages 
over the above first form^ and the following analysis of its errors can 
easily be understood after what precedes. Tl^e thermograph as well as 
the barograph are here described and analyzed together, as they are 
intimately interdependent. 

l^bis apparatus was described first in 1881, but constructed in 1883, 
and examples of it are in good working order at Magdeburg and Span- 
dau. It apparently ranks as the best form of this instrument that has 
hitherto been devised. The general arrangement of the parts is shown 
in Fig. 30. An air thermometer, preferably filled with pure nitrogen, 
has its large bulb placed in an appropriate shelter, and communicates 
by a fine tube, T, with the top of a cylindrical manometer tube, P', 
fixed permanently to the solid iron frame- work of the apparatus. The 
lower open end of P' dips into the mercury contained in a vessel, Pi', 
which latter bangs freely from the knife-edge shown above it, and which 
is at the right-hand extremity of a horizontal balance beam, whose left 
end carries the weight TT. When the elastic pressure of the gas in the 
thermometer bulb is increased by temperature the mercury in F* is 
pushed downwards, and the vessel P/, with its mercury, descends as 
it becomes heavier, but immediately the small counterpoise on the wheel 
u' is automatically pushed to the left by the automatic rotation of the 
horizontal screw below it. Thus maintaining the balance beam in its 
horizontal position, the motion of this counterpoise is recorded by the 
I)encil on the register sheet, and is a measure of the change of pressure 
and temperature of the air in the thermometer bulb. 

2fow, a diminution of external atmospheric pressure also allows the 
mercury to flow from P* into Pi^ thus simulating the effect of an increase 
of temperature, but if any fall in pressure has occurred it will have 
diminished the weight of a barometric column to the same extent. 
Therefore a barometric tube, P, is hung directly upon the same balance 
arm by the knife-edge A'j and this counteracts the effect of pressure 
upon the manometer tube P^, the result being that the small counter- 
poise u* is affected only by the changes in the temperature of the ther- 
mometer bulb. 

The flow of mercury from the barometer Pinto the cistern Pi causes 
the weight of the latter to vary inversely as the changes of pressure; 
therefore the vessel Pi is hung upon another balance beam, and is 
balanced by the weight W and the sliding counterpoise u \ the record 
of the position of u is therefore the scale for barometric pressure. 

A light bar, f , behind the two mercurial columns, is made to gently 
strike these every two minutes, so that the capillary adhesion of the 
mercury to the glass is broken up. Each balance beam carries at its 
left end a suspended disk, DD^ which moves vertically in a bath of oil 
and dampens any slight vibration of the beam< liaoh vibration of the 
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beam closes a galvanic circait and sets ia motion a wbeel and screw 
that qniekly opens the circuit, as in Hough's printing barometer. This 
is the motion that controls the screws tbat move the wheels u and u\ 

The accuracy of the records and the beauty of the theory o( the 
action of this instrument justifies the following detailed presentation of 
Sprung's analysis, which will indicate the method by which to secure 
automatic records as accurate as the best of ordinary personal observa- 
tions. 

(a) The register of barometric pressure, — Let the barometric tube have 
its section contracted at a point above the surface of the mercury in 
the cistern, so that the area of the ihner section of the upper portion is 
Qj that of the inner section of the lower part of the tube is q, that of 
the outer section of the lower portion g+r, and the area of the inner 
section of the cistern Q'. 
Adopt, also, the following notation : 

e the vertical distance from the bottom of the cistern up to the 

lower end of the tube. 
I the distance from the lower end of the tube up to the point of 

constriction. 
h the distance from the bottom of the cistern up to the surface of 

the mercury in the cistern. 
£=:6+{ the distance from the bottom of the cistern up to the 

constrictipn in the interior of the tube. 
L the distance from the constiriction up to the surface of the 

mercury in the vacuum chamber. 
S=::L+n—h the atmospheric pressure . after allowing for the 
density of the mercury. 
The total weight of mercury which is constant will be given by the 
product of its volume and density, whence 

constant=Q'/i— r(&-c)+(fi*— /t)g+ QL 

Assuming the pressure B=L+H^h to be constant, then in this 
equation e and h alone are variable; therefore by differentiation we 

obtain 

dh Q-{q+r) 

de-Q^+Q-^iq+r) 

This ratio becomes 0, and therefore h becomes independent of e when 
Q=q+r^ or when the area of the outside section of the submerged 
lower end of the tube is the same as the area of the inside section of 
the upper principal part of the tube. In this case, therefore, the surface 
of mercury in tlf^ cistern remains at a constant height with reference 
to the bottom of the cistern for any movement of cistern and tube not 
caused by change of pressure. 

Let this condition be fulfilled in the construction of the tube P, and 
there will then result a further simplification. as to the weight of the 
meroury in the cistern and tube; for if the tube is raised or lowered 
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without altering the height of the mercary hy then the weight of the 
barometric tube and its contained mercury remains the same. Now, 
let So be the density of the mercury at Oo 0., then th^ previous expres- 
sioii gives in general the following relation between any change in the 
external air pressure P and the corresponding change in height of the 
mercurial column : 

(IP 80QQ' 



But if the condition that Q=:q+r be fulfilled then this expression 

dP 
becomes jg=*oQ; consequently the change in weight that such a baro- 
metric tube experiences for a unit change in atmospheric pressure be- 
comes quite independent of the area Q* of the cistern. Its actual value 
is the same as would be given by a cylindrical barometric tube of infi- 
nitely thin walls and an inside area, Q, 

While, therefore, the cistern with its mercury varies in weight with 
the changes of mercury proportional to the changes of pressure, the 
barometer tube and its effect, as it hangs with the manometer on the 
beam of the temperature balance, are independent of pressure changes. 
The change in weight of the cistern is therefore the reverse of that of 
the barometer tube P,and is a measure of the pressure effect only, and 
it now remains only to determine its relation to the rectilinear move- 
ment u of its sliding counterpoise. Let a and A be the lever arms of 
the weights u and Pi, respectively, the latter being almost wholly coun- 
terpoised by the weight W in its fixed position. The expression for 
static equilibrium 

/W'+au=APi 

by differentiation gives 

uda=AdPi 

which, by introducing the preceding condition, becomes 

The scale of enlargement decided upon in the instruments constructed 

by Fuess is for the barometer 6 to 1 j therefore, substituting this for ^ , 

we have for the weight of the sliding counterpoise under these condi- 
tions 

5 

{h) The thermometrio register, — Of the physical conditions which ent«r 
into the construction of this part of the apparatus \b% first to be oon- 
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sidered is the law of Mariotte and Gay Lassac, conuGcting the temper- 
ature, pressure, aud volume of the gas ; 
Ijet B=s the barometric pressure in centimeters. 
Fthe volume of air bulb in cubic centimeters. 
V the total volume of air inclosed in the bulb and the tube and 

the air space in the upper part of manometer P'. 
€f the inner section of the manometer tube P', 
m the total length of the manometer tube. 
n the elevation of surface of mercury in manometer above that 

in its cistern. 
S^tsa^y the difference of the coefficients of the cubic expansion 

of the thermometer bulb and its gas. 
^qjPoj To the initial volume, pressure, and temperature of the gas 

in the reservoir. 
VjPj t the corresponding data for any other time. 
Q' the inner section of the cistern Pi' of the manometer. 
q" the outer section of the manometer tube. 
g* the inner section of the manometer tube. 

?7 be the constant ratio V ~"9^ 



The initial volume VoPo then becomes for any other temperature and 
pressure 

VoPo{l+6T)=zB{r+q'm)^{g'r^B+V+q'm)n+g'Trn^ 

The ratio between the changes of r and those of n, as depending on 
changes in By is given by differentiating this equation, whence 



dr V+g'(r^B+in^2Tfn) 



(c) Adjustment for temperature. — The effect of a change of 1^ 0. in tem- 
perature of the thermometer bulb is to force mercury down its manom- 
eter tube and increase the weight of the cistern P/ by 



Si^ 



dr "^ dr (Z+g'-q'' 

Let Ai, ai, and a' be the lever arms, respectively, of the manometer 
cistern Pi', the barometer tube P, and the thermometric sliding counter- 
poise u'j the greater part of the weight of P/ and P being counter- 
ix>ised by W. The static equilibrium of the lever gives 

constant+ tt'a'=Pai+ P/A' 

whicby by differentiation (considering that, by the conditions of oon* 



J 
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structiODy as given in a preceding section, P does not vary with the tem- 
perature), becomes 

If, now, as in the construction by Fuess, the further condition is im- 
posed that the scale of temperature shall be 5°^ for lo 0., then 

ar 
whence 



u'^2A 



dr 



which is, approximately, =2il'«o3'|)o«^-P, where 

F= 3 V ^ 

These equations, therefore, define the value of the weight u', in order 
that the scale of the temperature record may be exactly as agreed upon. 

{d) Adjustment for pressure, — The effect of a change of atmospheric 
pressure upon the height of the mercury in the manometer tube is given 
by differentiating the first equation in paragraph {b) for the initial vol- 
ume, with reference to n and B considered as variables, whence we 
obtain 

dn _, V+^{n^—Tfn) 
dSr 7+a'(7-B+w-2n7) 

Now, a change of 1 centimeter in the height of the mercury in the 
manometer implies a change of weight in the cistern such that 

dn '^ Q'+«'-a" 

and by combining these we obtain 

• ^^^ A^^ i y+q'(m^rrn) q 

dB- dn ' dB"^^'^ V+q'{rfB+m--2Tpi) ' W+¥^' 

This is very approximately equal to —Soq'Fj where F has the same sig- 
nificance as in paragraph (c). 

If the effect upon the manometer of a change in atmospheric press- 
ure is to be compensated for as in this instrument by attaching the ba- 
rometer tube to the lever arm of the manometer, then the moments of 
pressure of these two changes must destroy each other and the princi- 
ple of the lever must give 
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or, by sabstitution, « 



whence 



ai8i)Q=s+A'8o^F 






This shows that the relative lengths of the lever arms ai and A' are 
nearly constant since F is subject to bat slight variations^ depending 
on the height n and diminishing as F is enlarged. For a valae of 
F= 3,000 cubic centimeters, and ^g'w=21; the value of w' varies between 
218.7 grams for the low temperatures and high pres&(Ures and 214.0 
grams for the liigh temperatures and low pressures ordinarily expe- 
rienced near sea level. The mean value of 216.6 is adopted in the in- 
struments constructed by Fuess, by which construction the extreme 
error introduced into a recorded temperature of ±25^ 0. is 0.167° C. at 
least for the pressures that occur in Europe. This is within the uncer- 
tainty of the temperatures ordinarily given by thermometers in shelters 
at meteorological stations. 

The gas within the thermometer bulb should be very well dried, since, 
as shown by Sprung in his studies on the instrument at Spandau, if 
moisture be present, then the scale for temperatures below the dew- 
point of the inclosed air will differ from that for higher temperatures. 
Sprung concludes that the Spandau thermograph is more sensitive to 
changes of air temperature and follows them more quickly than does 
the ordinary mercurial thermometer, and that the mean deviation of 
the record from true air temperature is ±0.15° C. 

With regard to the Spandau barograph Sprung concludes that it is 
quite as sensitive and probably even more so than the barometer as ob- 
served by eye and hand ; the mean difference between them is dL0.04I<°™, 
if we treat the barograph as an independent instrument, but much less 
if we treat it as a differential instrument. 

From the above it would appear that this instrument renders un- 
necessary the great labor of making frequent control observations and 
computing a formula for reducing its readings to standard. 

79. WILD*8 BALANCE BABOeBAPH. 

The Wild balance barograph, as made by Hassler and Escher in Berne, 
is shown in the accompanying diagrams (Figs. 31 and 32), both front and 
side view. It Is mounted by screwing it to a wall or pillar, and should 
be covered with a glass case to keep it clean and prevent the draughts of 
air from acting on it. This mounting is accomplished in general by 
firmly fixing the large cast plate 00 by means of screws. The sepa- 
rate parts of the instrument, the balance, the registration apparatus, 
the paper reel, and mercury cistern, are fastened to the back plate GO. 
The brass balance W is hung ou the cast-iron support T by means of 
the steel springs DJ), On the right end of the balance there is a Btirrapi 
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BBj vhich sapportd the barometer tube, the lower end of this tube be- 
U)g immersed in the mercary cistern Q. On the left end of the balatice 
buam is placed the temperatare compensator (see Fig. 31), which cou- 
Rists of a stirrnp which supports a glass tube, V, containing mercury, 
into which the lower end of a short barometer tube, -A, projects. A is 
supported from the frame by means of the arms N and N> This short 
barometer tube A has the upper part, u, filled with alcohol, below which 
is mercury having free connection with the mercury in V. L is a coun- 
terpoise or bent lever, and can be regulated by means of a sliding weight. 
The index Z is firmly screwed to the balance beam IT, and has at its 
end the marking point /S. On the roller P is wound a long strip of 
pai)er (a month's supply), and the free end of this paper is brought be- 
tween the rollers CG) after passing between these it is wound up on 
the reel R. The registration takes place as follows : 

Every ten minutes a current, for an instant only, is passed auto* 
maticiilly by clock-work through the coils JS?, which, by acting on an 
armature through H and F^ causes the frame J^ to strike on the index 
arm Z, and causes 8 to puncture a hole in the registration sheet. P 
is a counterpoise weight which causes F to move back to its place, free- 
ing F from the paper as it does so, and at the same time turning the 
roller slightly by means of a rachet. !This turning of C causes the 
recording sheet to move forward a little and be ready to receive the 
next registration from & Each time that the point S is made to punct- 
ure the paper there is a corresponding puncture on the edge of the sheet 
made by a fixed point being pressed against it. This point is used as 
a reference point for measuring the puncture made by By and this row 
of reference punctures should form a straight line. 

In practice the compensating tube A is filled four-fifths with mercury 
and one-fifth with alcohol, but the proper ratios can only be determined 
exactly by experiment. The scale of registration of the instrument gi v«8 
a variation of about three times the actual change in the barometric 
height. A battery of six zinc-carbon element is used for working this 
barograph. 

This form of instrument has a considerable use in Europe, and several 
examples have already been introduced into America. The perfect 
simultaneity of the records on the complete set of Wild-Hassler in- 
struments for recording pressure, temperature, wind, and rain is a 
marked advantage. In order that the records may be carefully reduced 
for publication the analysis of the errors of this instrument, as given 
by Wild and Schreiber, must be considered. The method of Wild is 
here given as he has applied it in the hourly records published by him : 

{a) Analysis of Wild?s balance barograph for effect of temperature and 
pressure. — The following analysis* shows the formula used by Wild in 
correcting the records of his barograph for errors due to "temperature 
and pressure. 

* See Wild'a Repertoriuui fur Meteorologie, Vol. Ill, art. 1. 



Sappose the balauco beam to be motionless ia its Average or hori- 
zontal position, then we have the followin^^ relations: 

the total pressure on the brass stirrup (B), which, in its torn, 

is carried by the balance beam. 
R the weight of the empty glass tube. 
8 the specific gravity of the mercury, 

Q the inner cross-section of the upper wide part Of the barome- 
ter tube. 
q the inner cross-section of the lower narrow part of the tube. 
<2" the cross-section of the glass walls of the narrow tube. 
Q" the inner cross-section of the glass cistern C. 
a the coefficient of cubic expansion of mercury for 1^ C 
/3 the coefficient of linear expansion of the glass of the tube and 

the cistern. 
y the coefficient of linear expansion of the iron-supporting firame- 

work. 
d the linear coefficient of expansion of the brass of the stirrup. 
Let the linear dimensions of the barometer tube, the stirrup in which 
it rests, and the cistern into which its lower end opens be as follows: 
a the distance from fixed bottom of cistern up to lowest end of 
movable barometer tube. 
• e the distance from fixed bottom of cistern up to the constriction 

in tube where it rests in the stirrup. 
g the distance from fixed bottom of cistern up to knife-edge on 

the beam supporting the stirrup. 
c the distance from fixed bottom of cistern up to mercury in the 

cistern. 
/ the distance from fixed bottom of cistern up to the surface of 

the mercury in the enlarged x)ortion of tube. 
6=/— c=the distance from mercury in the cistern to that in the 

enlarged i>ortion of tube. 
/t=/—6=the distance from constriction in tube to the mercury ia 

the enlarged portion of tube. 
d=g^ e=ihe distance from constriction in tube to the knife-edge 
on the beam supporting the stirrup. 
Let all quantities which are for the temperature 0° 0. have the sub- 
script attached, and those which are for the temx)erature i^ have the 
subscript ty then the laws of hydrostatics give for 0^ C. the equation 

Oo=R+8o[Qo(fo-Eo)+qo(eo-Co)-qo"{Co-ao)] ... (1) 
• For (o the equation is 

G,=R+8o^^^[Qo{f,-e,)+qo{€,^c,)-^qo''(c,-^a,)] . . (2) 

The expansions among the parts give the following relations addi 
tional : 

at:=:ao+goyt'^{go^€o)6t—{eo'-ao)/3t 
et=eo+goyt'-{go—eo)6t 
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IiiLrodiiciug these values there resalts for the desired differeuce io 
t lie weights of the tube at the two temperatures (Py and iP by negleeting 
(|uaDtities of the second order, 

G.^Oo^Sot { (?o(/-/o)i«-(«o+«o'0 (0,-Cb) J (3) 

-{QQ—qo)[gor-(go'-eo)S]+qo"[gor-{go-eo)^-leo-ao)/3] 

-(af-2/?) [Oo(/o— «d)+«o{€o-<?o)-3o''(C6— /lo)] | 

But for the determiuatioa of the unknown quantities (/i— /o) and 
{c,—eo) there are the two following equations of condition. In the first 
place, since the beam is motionless or the pressure is assumed to be con- 
stant, we mnst have 

(/o-co)So=c/;-c,)jq:^ 

or, by neglecting quantities of the second order, 

fjI^^^J^^aifo^Co) (4) 

In the second place, as no mercury is added or removed, the algebraic 
sum of all changes in volume due to the expansion of the cistern and 
its support, as well as to the rising of the mercury in the tube and tlie 
cistern, must equal the true expansion of the whole mass of mercury, 
and thus we obtain the equation 

cit[Qo{fo-eo)+qo{eo-Co)+Qo%-qo'(Co''(h)] 

=^Qo''[{l+2/3t)c,^Co]-qo''[(l+2/3l)(e,^a,)^{Co^at,)] 
+qo[(l+2/3t) {e,''e,)^{eo^Co)]+Qo[{l+2/3t) (/,-e,)-(/o-^)] 

From this, by neglecting quantities of the second order, there results 
^"^'^^"\ (QJ'-qJ'-qf) . ^=(9o-«o) [g,y^'{g,-e,)6^ (5) 

If we introduce in equation (3) the values competed from (4) and (5) 
of (/r— /o) and (C|— Co), we have finally 

-(Qo-flo-go") (ffoy-do*)-go"(6b-ao)/? } 

in which, for brevity, we have put 

/o— c^rsfeo, *. e., the barometer height reduced to 0° ; 
l^o_eo=^09 i' ^M the length of the brass stirrup jB. 
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The numerical data are as follows : 

a=13.5G a=a.0001815 /?=0.0000082 

^=0.0000126 (^=0.0000188 

In the apparatus at St. Petersburg the dimensions are 

Qo'^=2827 square millimeters. (70= 1200 millimeters. 

Qo =1257 square millimeters. ^=: 250 millimeters. 

$0 = 28 square millimeters. ^0 ^ 010 millimeters. 

qq" = 20 square millimeters. ao= 120 millimeters. 

Inserting these numerical values in equation (I) there results, for 
ilo=760™°' 

G,- (?o=13.56x0.7004x <(15.67+184.25-12.G0-0.13) 
-13.56 X 131.12 X f =1778 X t milligrams 

For fco=790"»° there results 

(?,- Oo=13.56x 131.55 X <=178ix « milligrams 

Consequently, for the same change, from to tj in temperainre, and for 
a barometer reading 30"™ higher, the difference in weight at t^ C. is 
only 6x^ milligrams. 

On the contrary, under the supposition that the temperature remains 
constant, and that the pressure has changed by j> millimeters, the dif- 
ference in weight of the tube, as we shall see further on, would become 

According to this the difference in weight of the tube for two tem- 
peratures differing by t9 is equal to that for two pressures differing by 
p millimeters, where jp is given by the relation 

p=ti2/3QA+[''-2/3)[{Qo-qo)eo-qo"ao] ' (HI) 

Vo ■ ' 

-(Qo-qo-qo') X (gor-do6)--qo''(eo'-ao)/3 I 
In the St. Petersburg apparatus Wild finds 



imm 



for 6o=760°>«» .... jp=tx 0.1480 
for fto=790°»'« .... 2>=<x0.1494°>«» 

According to which a change in temperature of 1(P G. causes a change 
of weight of the tube corresponding to a change of 1.49"*°* in barometric 
height J and for an absolute height greater by 30™™ the weight would 
increase only by an amount corresponding to 0.005™™ of the barometer. 
The preceding assumes that the balance beam is fixed, and the com- 
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patatioDS for the reading 790"»™ therefore hold good with this restriction. 
This gives us therefore an approximate idea only as to how much the 
readings woald be aftected for places having different mean barometric 
heights. 

If we wish to know the amount of this change at any one place for 
the usual range of fluctuations of pressure we must take into consider- 
ation the actual motions of the balance beam. When a barometer reads 
higher than the mean the balance arm and tube sink, and in consequence 
of this not only does bo become greater in equation (I), but at the same 
time eo and Oo become smaller (the last two quantities change by the 
same amount). 

In the apparatus at St. Petersburg, for example, for an increase in 
pressure of 30™"* the stirrup and tube sink 46™™; consequently for 
6o=790™™ we have 6o=865™™ and ao=75™™. 

If we insert these values in equation (I) we have 

G,- Go=13.66 X 0.7004 X <(16.29+175.27— 12.60-0.13) 
=13.66 X 126.26 x t=1699 x t milligrams 

that is to say, for a barometric height higher or lower by 30™™ the 
same change in temperature causes a decrease in weight of 79 mil- 
ligrams for each 1^ O. Again, if we replace this influence of the 
temperature on the weight by its equivalent in barometric height, 
according to equation (III), we now find for fco=760™™,;i=< 0.1489™™, and 
for feo=790™™, jp=* 0.1423™™. Therefore for a mean barometric height of 
760™™ a rise in temperature of 40^ G. has the same effect on our balance 
barometer as if the barometric height had increased 1.439™™; but the 
change of this temperature influence, caused by a variation in the 
barometer height of ±30™™, reaches a value equivalent to only ± 0.066™™ 
in barometric height. The influence of temperature on the results given 
by this form of balance barometer, as computed for the mean baromet- 
ric height of St. Petersburg, is consequently not affected by the ordi- 
nary fluctuations of pressure beyond the adopted limiting error of 
=L0.1™™ if the range of temperature of the apparatus does not exceed 
10^ G. As the latter condition is usually fulfilled, therefore in this in- 
strument the increase in weight for each 1^ G. is to be regarded as con- 
stant; consequently the value 

G,- Go=1784x t milligrams 

holds good for this instrument without restriction. But these errors 
introduced by its own temperature may be nearly annulled mechani- 
cally by several devices, thus avoiding the labor of large numerical 
corrections when once the mechanical temperature compensator has 
been properly adjusted. Wild's mechanical method of doing this has 
been already explained in a general way, and the analytical formulae 
are given in the following section. 
BIG 86, PT 2 12 
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(b) Temperature compeisati^on, — Referring back to the first part of 
this section (79) for a general description of Wild's method, if we call 
Fo' the volume of the mercury and Vq^' that of the alcohol at 0° C. in the 
compensating thermometer, and also put p for the true cubical coefficient 
of expansion of alcohol for 1^ G. and I and V the lengths of the arms of 
the balance beam, then the equation for temperature compensation 
must be 

t.V. /So[Fo'(a-3/?)+ Fo''(p-3/J)]=Z((?e-Go) 

Suppose the thermometer cistern to be represented by a cylindrical 
tube with cross-section Qo and height V and Zq^^ where V denotes the 
height of the mercury and Zq'* that of the alcohol in it, and suppose the 
volume of the overflow tube so small as to be negligible, then will 

If to this we add the equation 

that is, if we assume the whole length of the thermometer cistern as 
given, we can compute from these two equations the relation of V &nd 
;?o'S consequently the quantity of the mercury and alcohol which is nec- 
essary for the temperature compensation. 
In the apparatus at St. Petersburg 

Zo=:250 millimeters. Qq=1257 square millimeters, 

1=200 millimeters. {'=250 millimeters. 

From the determination of Pierre and Kopp on the expansion of pure 
alcohol between I(P and 20^ G. 

p=0.00 10899 

Substituting these values and those for a, /?, /Sq, and 6^— Oo, there 
results 

that is to say, the temperature compensation is accomplished by filling 
an outflow thermometer of the dimensions given with about one-fifth 
pure alcohol and four-fifths mercury. 

(c) Errors of capillarity. — As at first made the " Wild " barograph 
was affected by a relatively large error, due to the varying capillary ac- 
tion of the rising and falling mercury. With rising barometer the baro- 
graph lagged behind the barometer readings by 0.17°*">, and by falling 
barometer the lagging was 0.12°^°^. In order to overcome this difficulty 
Wild arranged that a weight should be temporarily applied* to the left 

* BeaeitiguDg des Capillar! tatsfelilers beim Wag- Barograph. Bulletin Acad. Sc., 
T. XXIII, March 8, 1877, St. Petersburg. 
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arm of the balance between each registration. This causes the right 
arm to rise, and consequently the mercury falls in the tube to rise again 
when the weight has been removed. Thi^ weight is made to descend, 
and after acting to ascend again by automatic action of a clock-work 
arrangement at the top of the barograph. This has been fouud to give 
very satisfactory results, as the records are always made with a rising 
and maximum meniscus. 

(d) Value of a scale division, — Wild finds that the change of true 
pressure of 1"°* corresponds to a movement of 3.2°»™ of the registering 
point of his barograph, and is very nearly proportional to the sine of 
the angle through which the balance arm turns in its endeavor to main- 
tain the counterpoise, and that the moment of the moving force is very 
large compared with any frictional resistances, so that the instrument 
is abundantly sensitive. . 



\ 



SEOTIO]Sr c. 
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CHAPTER XI. 

GENERAL REMARKS. 
80. STATEMENT OP THE PROBLEM. 

A knowledge of tlie motions of the atmosphere constitutes an essen- 
tial element in all investigations of dynamic meteorology. These mo- 
tions are conventionally classified into upper and lower currents, the 
upper currents being those in and above the region of the cirrus clouds, 
and the lower currents those near the surface of the earth ; but between 
them no rigid distinction can be maintained. The motion of the upper 
currents iB generally very different from that of those near the surface, 
but both, so far as we at present know, are of equal importance in the 
theory of atmospheric circulation and the development of storms. 

Lower atmospheric currents, i. e., currents near the earth's surface, 
are commonly called winds, while the motions of the upper atmosphere 
are termed currents. The direction and velocity of the wind are much 
influenced by the general character of the surface as to land and water, 
mountains and plains ; our observations are ftirther influenced locally 
by the buildings upon which meteorological instruments are exposed, 
and the hills and trees that surround them. These peculiarities of ex- 
posure cause minor disturbances in the general movement of the wind, 
which latter is the datum important to dynamic meteorology. In gen- 
eral a proper exposure is obtained by securing as great freedom as pos- 
sible from surrounding obstructions, and the observer must learn by 
experience to distinguish local disturbances from the general motion of 
the wind. 

Although the observation of the winds has received far more atten- 
tion than that of the upper currents, because the former constitutes an 
essential element of climate and have a direct practical relation to the 
business of the navigator, the engineer, and the architect, yet the upper 
currents are of such importance in meteorology that we shall give such 
methods of observing them as have been devised hitherto. The whole 
subject, therefore, is embraced in the seven following sections, embrac- 
ing methods of observing the direction and strength of winds and upper 
currents. 

As regards the strength of the wind, although the personal estimation 
of the velocity of the wind by wind scales still obtains as the general 
method of observation, yet instruments for accurate measurement also 
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have been in use for over two centuries. The air in motion produces a 
variety of mechanical and physical effects^ and it is evident that such 
of these effects as are proportional in their degree or intensity to the 
wind velocity may afford by their measurement an indirect means of its 
determination. A current of air sets in motion a system susceptible of 
rotation about an axis ; produces an augmentation or diminution of 
pressure on different portions of fixed or constrained bodies ; cools sur- 
faces of higher temperature by convection; accelerates evaporation; 
evokes musical sounds of different pitch or intensity from properly 
constructed apparatus susceptible of vibration. Anemometers may 
therefore be classified with respect to the physical effect of which they 
afford a measurement. The cooling, evaporative, and musical effects 
above enumerated do not bear a sufficiently definite and measurable 
relation to the wind velocity to form the basis of accurate anemometers 
and have never come into extensive use ; but the first three effects, ro- 
tation, increase of presfure, and diminution of pressure or suction, have 
all been successfully applied to the construction of anemometers, and 
all important i nemometers may be classified under the three divisions, 
(a) pressure, (b) suction, and (c) rotation. 



CHAPTER XII. 

MEASUREMENT OF THE DIRECTION OF THE WIND. 

81. THE PBOBLEM IN eENERAL. 

The movement of the air may have a vertical as well as a horizontal 
component The direction of the horizontal component, which is gen» 
erally the principal part of the wind, may be determined with consider- 
able accuracy withoat the aid of special instruments. Observers in an 
open space, where the wind is free from deflections occasioned by build- 
ings or other obstructions, usually estimate its direction to the nearest 
eight or sixteen points of the compass. On shipboard, where the 
motion of tbe vessel itself affects the indications of wind- vanes, flags, 
or smoke, the true direction is estimated (allowance being made for 
the effect of the ship's motion), together with the necessary correction 
from magnetic to true direction. After taking account of these influ- 
ences an accuracy of one thirty -second of a circle is generally considered 
to be attainable by experienced seamen. On land it is only in compar- 
atively isolated locations that an observer on the ground, who has 
nothing but his own feelings or the motion of surface objects for his 
guide, can feel assured that he is observing the true and not a deflected 
direction of the wind. Therefore a vane placed upon a mast or tower, 
or at some distance above an ordinary roof, is employed to indicate the 
undisturbed direction of the general wind, which at lower elevations 
along the city streets is whirled into innumerable eddies and cross 
currents that do not constitute the wind of the meteorologist. 

The anemoscopes in common use may be treated of in two classes, 
(a) arrow vanes, (6) wind-mill vanes. 

89. THE ARROW TANE. 

The common weather-cock or wind-vane is no doubt the oldest as 
well as one of the simplest of meteorological instruments. The record 
of its use in systematic observations begins with 1650 in Italy and 
16 >7 in England. As a popular indicator of the wind the vane was 
given the shape of a cock, a fish, a trumpeter, dragon, diabolus, or other 
ornamental device. But in the arrow vanes used for accurate meteoro- 
logical observations these forms have been replaced by simple plane 
plates, disks, or arrows, designed solely with regard to the mechanical 
action of tbe wind upon them. The vane may either turn about a fixed 

185 



186 REPORT OF THE CUIEF SIGNAL OFFICER. 

spindle, or it may be fixed to the spindle, which latter then tarns on 
fixed bearings of friction rollers. The advantages of the latter method 
in affording protection from the weather render it a much preferable 
constrnction, and the best vanes designed for meteorological purposes 
are of this pattern. When desirable the spindle, or a rod connected 
therewith, is extended through the roof, and the wind direction is indi- 
cated .in the room below by a small arrow rigidly fixed to the rod and 
moving under a compass circle painted upon the ceiling. The adjust- 
ments of the vane are as follows: 

(1) The axis or spindle should be vertical. Lack of verticality of 
itself alone impairs the sensitiveness and increases the friction and 
wear of the bearings. 

(2) The center of gravity of the vane should pass through the axis 
of rotsitlon. This is attained by a counterpoise movable along the 
pointer. To make this adjustment the axis of the vane is placed in a 
horizontal position and the counterpoise is set to a position in which 
the vane will have no tendency to turn, but will remain at rest in any 
position in which it is placed. 

(3) If the vane be not thus counterpoised, and the center of gravity 
lie at some point not over the axis, the following conditions will obtain: 

First. If the spindle be not vertical the vane will tend to assume a 
position in which its center of gravity will be at the lowest point-. It 
will, therefore, not be in neutral equiJibrium. 

Second. If the spindle be vertical the direction of the vane will not 
be directly affected in the same manner as in the preceding case by the 
lack of a counterpoise, but the weight of the vane will press upon the 
side be'arings, thereby increasing the friction and causing an unequal 
wear at certain points, depending somewhat upon the prevalent wind. 
This unequal wear tends eventually to destroy the verticality of the 
axis, and the additional friction diminishes the sensitiveness of the 
instrument- 

Sensitiveneas. — The sensitiveness of a vane adjusted as above depends 
primarily upon the friction of its bearings. The friction varies chiefly 
with the weight of the vane and the character of the bearings, so tbat 
by reducing its weight and by the use of oiled friction rollers, hardened 
Steel points, and polished glass or agate bearings a vane may be made as 
sensitive as desired. For ordinary purposes, however, where the simple 
direction of the wind to sixteen points is all that interests the observer, 
extreme sensitiveness is not requisite and becomes an objection rather 
than an advantage, inasmuch as in strong or even moderate winds their 
continual small veerings keep the vane in oscillation and render the 
main direction difficult of determination. 

Adjustment to the meridian. — For indicating the direction of the vane 
when the rod does not pass through the roof, either, first, points of refer- 
ence, properly adjusted to the meridian, are employed, such as fixed cross 
bars placed beneath the vane and bearing the cardinal letters N., £., S., 
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W.; or, second, a drum marked with the eifrht compass points or simply 
eight arms may be fixed to the rotating rod beneath the vane and the 
direction be indicated by a fixed index. Having established the index in 
any position convenient for observation the adjustment is made as fol- 
lows : Turn the vane until the arrow points to some distant object whose 
bearing is known. Turn the drum about the spindle until the direction 
on the drum which corresponds to the direction of the vane is coinci- 
dent with the fixed index. Glamp the dram to the spindle in that posi- 
tion and the adjustment is complete. 

At stations where the vane rod passes through the roof and in the 
room below indicates the direction of the wind by an arrow near the 
ceiling moving under a fixed vane circle, an observer should proceed 
as follows: 

Draw a vane circle upon the ceiling around the rod as the center and 
a little greater in diameter than the length of the arrow, paint thereon 
the eight points of the compass, with the north and south line approxi- 
mately in the meridian. Let the wind vane be turned by an assistant 
on the roof, to a distant object whose bearing is known, and while in 
that position let the arrow be fastened to the vane rod with a set-screw 
so that it shall exactly coincide with the direction on the vane circle 
corresponding to that of the wind vane. The instrument will then be 
in adjustment. The above instructions involve turning the wind vane 
so that it shall point to some object whose bearing is known. For this 
purpose the pole star affords the most accurate point of reference. 
Strictly, the pole star bears north only at its upper and lower transit, 
but for latitudes under 45^ the greatest departure from the meridian 
is less than 2^. In carrying out this portion of the operation of ad- 
justment the following method is recommended: Suspend a plumb- 
line from a movable support at a considerable distance from the 
vane, and by successive trials bring it into perfect alignment with 
both the pole star and the rod of the vane. The meridian is thus 
defined by the plane passing through these vertical lines. Then one 
person should turn the vane until its axis, as defined by the pointer and 
middle of the tail, appears to be in coincidence with the vertical plane 
passing through the plumb-line and the vane rod. With, the vane in 
this position the drum or arrow of the vane circle should be set accord- 
ing to the above instructions. If there be a wall or other fixed object 
at a sufiScient distance from the vane the observer should make a per- 
manent mark thereon in agreement with the vane, the star, and the 
plummet, by reference to which the vane can be set or tested at any 
time. The position of the mark must, of course, be obtained at night; 
but having established the mark the operation for setting or testing the 
vane should be performed by daylight in calm weather. As the ad- 
justment is liable to be disturbed by the loosening of clamps it is desira- 
ble to test its accuracy at occasional intervals, or at any time when 
there is occasion to suspect that a disagreement exists between the vane 
and its recording index. 
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83. FORMS OF WIND TAlfB. 

Among the forms of arrow vanes the following types are presented: 

(a) KreiVa wind vane. — The above-named conditions of sensitiveness 
were embodied by Kreil in 1849 in the construction of a self-recording 
anemoscope for the Austrian meteorological service. The vane (Fig. 33] 
consists of a disk, A^ of thin sheet-iron at one end of a horizontal iron 
rod, which carries a lead ring at its other end as a counterpoise. The 
rod is screwed fast at its center of gravity to a sheath, which turns upon 
the vertical spindle E^ having a hard-pointed tip to reduce the friction 
of the apparatus. The lower end of the sheath (see Fig. 34} is provided 
with a plate of friction rollers, F^ upon which it turns about the spindle. 
This apparatus was found to be exceedingly sensitive, and, in fact, pre- 
sented a difficulty thereby. Often in the same day, especially during 
light winds, the vane made five or six complete rotations in the same 
direction, carrying the pencil off the registering sheet. 

{h) Oshom^H experimental vane, — A careful study of the action of 
wind vanes has been made by Mr. J. W« Osborne, of Washington, D. G. 
(Am. Assoc. Adv. Sci., 1878), the results of which illustrate and confirm 
several general principles necessary to be considered in the construc- 
tion of a good wind vane. Starting out with the definition of a perfect 
vane as one which instantly responds to the slightest change in the wind 
direction and remains stationary when it has made the necessary angu. 
lar movement, he made the following construction in order to attain as 
nearly as possible these conditions : 

The frame of the vane (see Figs. 35 and 36) was 7 feet long, while its 
weight was only 3 ounces; the material was the thinnest sheet-brass 
rolled hard a^id made into tubes five sixteenths of an inch in diameter. 
By his method of suspension a counterpoise was rendered unnecessary, 
thus contributing to the lightness of the vane. At the end of the arm, 
constructed as in the drawing (Fig. 36), a flat circular disk 7 inches in 
diameter was attached to receive the impulse of the wind. With sev- 
eral cross wires to give rigidity to the vane the whole was found to pos- 
sess remarkable elasticity and strength. The spindle, three-eighths of 
an inch in diameter, ran between two groups of friction rollers, and at 
its lower end terminated in a hardened steel point, turning in a polished 
cavity in a piece of glass, on which rested the whole weight of the in- 
strument. In this construction it will be seen that every effort was 
made to reduce friction and inertia. Preliminary experiments showed 
that 1^ grains of pressure perpendicular to the center of the flat disk 
was sufficient to start it and keep it in motion against quiescent air* 
The behavior of this wind vane was most admirable, as it exhibited all 
the oscillations of both light and heavy winds and yet was free from any 
oscillations due to its own momentum. For practical purposes, however, 
when the main direction of the wind is all that interests the observer, 
it is often difficult to determine it from watching the unceasing oscilla- 
tions of a highly sensitive vane. It is obviously unphilosophical to 
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overcome this difiScalty by adding to the inertia of the vane and by re- 
tarding it i^ith an overwhelming amount of friction, which varies from 
day to day, and which is greater at the begintking of motion than when 
motion is established. The true plan is to allow the vane to represent 
all the actual deviations of the wind, and then so to deal with the t^o- 
ord as to obtain a mean direction. The solution of this problem was 
attempted mechanically by a method of damping, as follows : 

A vertical shaft connected with the vane rod by a belt oscillates 
synchronously with the vane; a long delicate spiral spring encircles the 
shaft and is fastened at its upper end by a set-screw. At its lower end 
it carries a free collar, to which a pointer is attached, and also two or 
more horizontal arms, from which blades hang in a vessel containing oil. 
When the wind vane oscillates the little vertical shaft oscillates 
synchronously with it, but the lower collar, with its pointer and the 
blades immersed in the oil, receive the impulses through the spring as a 
medium, whereby the quick spasmodic movements of the wind vane are 
in part eliminated and those of a more permanent character propor- 
tionately represented. This damping can be made to any degree de- 
sired, either slight or considerable, by altering the stiffness of the 
spring, the viscosity of the fluid, or the size of the containing vessel. 

In a second paper Mr. Osborne gives the results of comparisons be- 
tween the ab6ve-descr\bed delicate vane and a somewhat heavier and 
shorter one previously constructed. The following are his results: 

In light winds the lighter and longer vane made the larger number 
of complete rotations, but in strong winds this was true of the heavier 
vane, a result obviously due to the greaUT sensitiveness of the one and 
the greater inertia of the other, and therefore not a characteristic of the 
wind ; the modifying effect of the force of the wind is, therefore, an 
important element in the comparison. As the wind increases in velocity 
the number of total rotations of the lighter vane generally decrease in 
number, while those of the heavier vane, especially in gusty weather, 
are often relatively increased, a result evidently due to the momentum 
of the heavy vane. The lighter vane gives the true state of things for 
strong as well as gentle winds; its oscillations are generally smaller 
and its rotations fewer in windy weather, because the onward motion is 
so quick that an impulse from one side is immediately succeeded by one 
from the other, thus causing short quick movements of the vane. But 
the characteristics of the various strong winds differ among themselves 
just as widely as those of feeble currents, and in such cases the origin 
of differences in the action of the wind vane is referable essentially to 
the motions of the wind itself. 

(c) The tablet vane, — In this form the vane is a thin rectangular plate 
supported near one end, to which also a pointer is attached ; it differs 
therefore from the arrow, disk, and other forms in that the shape is 
strictly rectangular.- Owing to the action of the currents that flow 
around the edge of the plate such a rectangle comes to rest in a posi- 



190 REPORT OP THE CHIEF SIGNAL OFFICER. 

tion inclined to that of tbe wind at an angle depending on the propor- 
tions of tbe plate and the relative distance of the supporting axis from 
the ends of the rectangl^. For certain locations pf the axis the angle 
becomes quite indeterminate. 

In general the flow of air produces a more uniform distribution of 
pressure over the windward than over the leeward side of a plane plate, 
especially when it is not normal. The air that flows around the anterior 
edge of an inclined plate reaches the leeward side as a stream that im- 
pinges on it most forcibly at a point some distance behind the anterior 
edge^ so that the difiference between the front and rear pressures at any 
point of the plate is least at the posterior edge and greatest in the an- 
terior portion of the plate ; if, therefore, the plate is supported by an 
axis parallel to the anterior edge it is possible to place this axis at 
such a position, always between the anterior edge and the center of the 
plate, that the moment of the pressures on the anterior portion will just 
balance the moment of pressures on the posterior portion, and this posi- 
tion will vary with the inclination of the plate to the wind. The exact 
values of the angle for given positions of the axis in the case of a plate 
moving through the air on a whirling machine is given by Hummer's 
experiments (Berlin Abhandlungen, etc., 1876), and suffices to show tbe 
inappropriateness of this form of anemoscope. The wings of a single 
or double vane should therefore be supported by an axis that is either 
in or to the windward of the anterior edge of the wing. 

{d) Double tail vane. — In order to diminish the continual oscillations 
to which the vane is subject during variable winds, the elder Parrot, 
in 1797, constructed a vane of two thin plates, joined at one end, and 
making an angle with each other of about 45^. This form was adopted 
by the younger Parrot on his journey in the Caucasus in 1811. In 1840 
vanes with spread tails were in common use in England, and with re- 
gard to their advantages Jelinek makes the following statement: 

Tbe English seek to obviate the disadvantage of the complete rotation by making 
the wind vane of two plane surfaces set at an angle to each other of generally about 
22|^. They say that thereby the oscillations become smaller and the complete rota- 
tions less frequent (Sitzungsberichte Kaiser. Akad. Wissenschaften, Wien, 1850). 

Stating that this had been shown to be true in his own experience, 
Jelinek adopted the same form for an anemoscope, which he proposed 
as an improvement on that constructed by Kreil. The use of similar 
spread tails has also become general throughout tbe United States 
through their adoption by tbe Signal Service. 

Tbe accompanying drawings (Figs. 37 and 38) show the details of the 
construction of tbe Jelinek's double-tail wind vane. As now in general 
use at the stations of the Signal Service, the vane proper consists of 
two wings of light wood at tbe leeward end of a rod whose windward 
end carries an arrow-tipped pointer and the counterpoise. Tbe wings 
and the pointer are approximately 3 feet long, so that the vane rests 
symmetrically upon tbe axis. Tbe total weight is a little less than 12 
pounds. 
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{e) The most advautageoas construction for a wind vane is attained 
by attaching to the lower end of the rod a buoyant drum with damping 
vanes, the whole immersed in a bath of oil. The buoyancy of the drum 
reduces the friction to a minimum or gives the vane a maximum sen- 
sitiveness, while the dampers increase the stability. 

84. THEORY OF THE WIND TANE DURING STEADY WINDS. 

To the experimental results already quoted relative to the action of 
arrow vanes should be added the results of a deductive treatment by 
Curtis (Am. Journ. Science, XXXIV, p. 45) of the mechanical principles 
involved in the action of the vane during steady winds. 

(a) Straight vanes. — Let the pressure on the wiudward side of a plane 
plate, due to a change in the direction of the wind, be P, and the defect 
of pressure on the leeward side be nPy where n has been found by ex- 
periment to have values ranging from 0.2 to 0.36 for normal incidence 
on small planes, and may be assumed as 0.5 or less for such sizes as 
occur in wind vanes. F and nP vary approximately as the sine of the 
angle between the plane of the plate and the wind direction ; therefore 
the pressure due to a wind inclined at an angle, Oj will be (l+n)P8in 0. 
This will move the vane if the moment of pressure overcomes the 
moment of friction (this latter is due, first, to the weight of the vane 
and resulting friction on its vertical supports ; second, to the pressure 
against its side bearings, due to the pressure of the wind against the 
vane). The smaller the moment of fi:iction and the larger the moment 
of the pressure the more quickly will the vane respond to a change in 
the direction of the wind or the more sensitive will the vane be. 

Once started into motion the inertia of the vane carries it beyond the 
new wind direction, and it performs a series of oscillations, which, unless 
the wind direction again changes, will rapidly diminish, owing to the 
friction of the bearings and the resistance of the air. Assuming the 
wind to continue unchanged in direction and force, and omitting fric- 
tion, but considering only the resistance of the air, Curtis shows that 
the angle 6, by which the oscillating vane successively departs from 
its mean position, constitutes a series in geometric progression of which 

the common factor is e *"^ in which the ratio j depends upon the di- 
mensions of the vane and the resistance of the air, so that the angular 
oscillations of the vane are smaller as the area of the vane is larger, 

and the rates at which the oscillations diminish increases as rr increases. 

h 

The latter is therefore an index of stability. 

The final position of rest maj' be anywhere between exact coincidence 
with the wind direction and a small inclination, 6o, such that the mo- 
ment of pressure is just equal to the moment of friction, or 

.„ n moment of friction 

sin i7n = 



moment of pressure for normal wind. 
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This eqaation, therefore, expresses the oatside limit of error of the vane 
Tf^hen it has come to rest in a steady wind. 

A liquid damper attached to the vane is equivalent to diminishiDg 
the inertia without affecting the friction or the angle of final rest. 
Therefore it increases the stability without diminishing the accuracy. 

(b) Spread vane, — Let the angle between either wing and the axis of 
the vane be e\ that between the wind and the axis be 6, 

The influence of the. wind in producing gyration is to be considered 
for two cases: 

(1) When 6<e the pressure perpendicular to the axis is 

P sin (6^+£)+P sin (<9-£)=2P sin » cos f 

For an angle, £, such as most frequently occurs, namely, not exceeding 
25^, cos f may be considered constant and equal 0.95. 

(2) When 6^b or 6>€ the pressure perpendicular to the axis is 

Psin (6'+f)+nP sin (S-f) 

if we neglect the effect of the wind that flows in between the wings of 
the vane, or rather if we assume that the included space is boxed in. 

The above-quoted treatise by Curtis shows that in both these cases 
the expression for this gyratory force is larger than for straight vanes 
for all small values of f, and the value of e, which gives a maximum 
excess^ depends on the value of n, and is 41.4^ when n equals 0.5. 
Therefore for all moderate values of b and 9, whether 6 be greater or 
less than «, the pressure producing gyration is larger for the spread 
than tor the straight vane; therefore, other things being equal, the 
spread vane will be the more sensitive. But in a spread vane the lat- 
eral friction in general is larger, owing to the larger surface presented 
to the wind, and varies nearly as A sin' e (where A is the surface of 
either wing), which indicates that b should be as small as consistent 
with other conditions. The best value of b is given by the condition 
that the gyratory force minus the moment of the lateral friction shall 
be a minimum; whence Mr. Curtis deduces that for ^OO^ the maxi- 
mum sensitiveness is attained when the half angle of the wings is 
about the average angle through which the wind suddenly changes its 
direction, and for ^>30o the angle b should be less than 30<=>. Conse- 
quently for all ranges of 6 the angle b is less than 30^, and if ^ be 
made equal to the average 6 the condition of maximum sensitiveness 
will generally be fulfilled. 

The oscillations that the spread vane makes after being started by a 
change of wind direction diminish rapidly in a geometrical series whose 
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common multiple is e *] '. The exponent of this factor is always some- 
what larger than the corresponding exponent for the straight vane; 
therefore the amplitude of the oscillations will diminish more rapidly 
and the spread vane will be more stable than the straight vane. 
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The accuracy is decided by the fact that the vaue comes to rest finally 
at a slight incliuation to the wind direction : for the straight vane the 
limiting angle of rest was Ooy determined above by the condition that 
the moment of pressure equals the moment of friction. Other things 
being equal in the spread vane the moment of pressure is larger than 
for the straight vane; therefore the limiting angle is less and the accu- 
racy greater. 

(c) Chists.'^AXL the preceding paragraphs assume that the wind 
velocity is steady and that the direction only changes ; but the change 
in direction also frequently comes with a gust, whose duration is so short 
that it has traveled the entire length of the vane and ceased to act 
before the latter has wholly adjusted itself to the new direction. For 
snoh cases the force acting on the vane is to be considered simply as 
an impulse, after receiving which the vane moves by its inertia until 
the momentum of its initiid motion is used up in work done by friction 
and resistance of the air. The an^le through which the vane will turn 
will therefore be determined by the ratio 

moment of initial momentum of vane 



sum of moments of friction and resistance. 

For very sensitive vanes, therefore, when the denominator is small and 
the numerator large, the vane may make a complete rotation, and even 
if it describes only a small angle its position of rest gives no indication 
of the direction of the gust. If the resultant pressure of the gust on 
the vane does not pass through the center of percussion there will be 
a strain on the vertical supporting rod and on the vane and an in- 
creased friction, all of which should be avoided as much as possible. 

The true direction of momentary gusts and winds of great variability 
can be best obtained by observing a light string or penant, where the 
inertia is a minimum, the normal resistance is zero, and the principal 
force acting on the string is the so-called skin friction of the wind, as it 
blows along the string and temporarily stretches it in the direction of 
its motion. The direction of gusts can also be obtained by pendulous 
spheres or cylinders, whose initial motion will be in the direction of the 
gust The oscillations of the ordinary wind vane, in so far as they are 
due to gusts, show nothing of the actual variations in the direction of 
the wind. 

85. THE WINDMILL TAKE. 

A distinct class of vanes, differing in the method of their action from 
all forms of arrow vanes, is that in which a pointer is brought into the 
wind direction by the action of fan-wheels (see Figs. 39 and 40), similar 
to the governor attributed to Sir William Ourbitt, and long ago applied 
to European windmills to keep them facing the wind. 

This governor was first used as.a meteorological instrument by Osier, 
in 1836, in the construction of his self-recording anemograph ; only one 

sia 87, PT 2 13 
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fan- wheel was employed by him. In Beckley's anemograph the addi- 
tional wheel is added for symmetry, and their common horizontal axis 
is placed at right angles to the pointer which indicates the wind direc- 
tion. 

The fan-blades, generally eight in number, are adjusted at such an 
angle that when the pointer is in line with the wind the wind pressures 
on the opposite arms of each pair of fans are exactly balanced and the 
fan remains at rest; but if the direction of the wind forms an angle 
with the pointer the fan turns so as to bring back the pointer into the 
wind direction. If the wind suddenly shifts through a large angle the 
fans will begin to turn, at first rapidly, then more and more slowly, until 
the pointer is again toward the wind, when their motion will cease. 

In thid form of vane there is no oscillation about the position of equi- 
librium, as in the case of the arrow vane; but on the other hand it is 
far les^ sensitive. 

86. TEBTICAL TANES OB INCUNOMETEBS. 

The wind vanes described in the preceding sections serve to indicate 
only the direction of the horizontal component of the wind's motion; 
but the wind usually has also a vertical component by virtue of its 
forming part of an ascending or descending current. Attention has 
occasionally been given by individual meteorologists or observatories to 
the measurement of inclination of the wind or to the amount of the 
vertical component, but it has not become a part of the regular obser- 
vations of any meteorological service. As yet the proper interpretation 
to be placed upon the records of vertical-component-anemometers or in- 
clination-vanes is by no means well determined, nor is it clear that such 
data for the air next the surface of the earth would form a valuable 
addition to the present data of meteorological observations; for higher 
altitudes, however, it is very much desired. 6enzenberg first proposed 
a double vane for this class of observations, and Montigny, in 1853, 
Hennessey, in 185G, and Dechevrens, In 1881, have claimed that their 
observations exhibit the existence of general vertical currents in the 
atmosphere. If this were assured the data would unquestionably be of 
importance ; but the vertical component of the air current indicated by 
vanes established on the galleries of towers, the roofs of buildings, the 
sides of hills, or under any uneven condition of topography is likely to 
be largely due to eddies and deflections produced by these environ- 
ments, and is not a general current such as the meteorologist desires 
to observe.. Only in a level country or at sea, with a vane established 
upon a very high tower, can we feel assured that the results of vertical 
measurements will be of meteorological importance, and that general 
currents, vertical or inclined, are really the subject of observation. 

(a) Montignrfs Inclinometer. — ^The inclination of the wind to the hori- 
zon was investigated by Oh. Montigny, from 1851 to 1875, by means of 
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a portable tipping vane (see Fig. 41). The .apparatus cousists essen- 
tially of a horizontal vane, LL, which keeps the tipping vane facing the 
wind. The latter is a balanced spread or doable tail vane, made of a 
pair of thin plates, BB', each 120»°°* long by 60°»™ broad, inclined to each 
other at an angle *of about 20^. To these are attached the balancing 
rod D and the pointer C, extending down to the graduated arc O^ on 
which two indices slide, so as to record the extreme oscillations of the 
pointer. In the course of long-continued observations on the tower of 
the cathedral of An vers Montigny found that the influence of the tower 
in deflecting the wind was perceptible, but in his regular observations 
be was only able to place the vane 2 meters away from it. He states 
that when in action <^the vane often tipped and remained at a fixed 
position for some moments, but sometimes also it oscillated continually 
between rather extensive limits without settling in any definite posi- 
tion, which indicated frequent yariations in the inclination of the wind. 
In this last case I have taken for the inclination the average of the ex- 
treme limits of oscillation of the pointer." 

As before shown, a perfectly balanced vane of this kind, whose mo- 
ment of friction is small, is quite at the mercy of gusts of wind, and its 
extreme oscillations simply show the arc described by it in order that the 
work of friction and resistance may use up the energy of its initial 
motion. If when the vane comes to rest at one extremity of its oscilla- 
tions the sliding index indicates a plunging or descending wind of 2(K> 
inclination, while at the other extremity the other sliding index indi- 
cates an ascending wind of 15^ inclination, this simply means that some 
one downward gust was stronger than the strongest ascending one. 
Montigny, however, concludes from his observations that there is an 
average downward inclination of the wind increasing as we rise above 
the ground, and that the average inclination at 64, 89, and 104 meters 
is respectively 2.17^, 8.36°, and 12.28<5, But as these figures are simply 
the means of the extreme oscillations they are open to the criticism 
above made. These results agree with statements made by Langsdorf 
and Poncelet to the effect that in Europe the planes of rotation of wind- 
mill sails are inclined to the vertical at an angle of W^ or 20^, because 
the wind has that average downward inclination; but it does not seem 
likely that this can be true of the total movement of the air, although 
it may be true of the strongest gusts, such as become dangerous to the 
safety of the structure. 

It is evident that if the inclination of the wind is to be given by the 
tipping vane the vane must be perfectly counterpoised and symmetri- 
cal about its axis of rotation. Moreover the proper method of using 
the tipping vane necessitates obtaining a continuous and simultaneous 
register of both direction and velocity. This is accomplished in the 
anemographs of Dechevrens and Gasella, as described in the following 
paragraph. 
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87. ANEMOOBAPHS FOB DIRECTION. 

Very early in the history of anemometry attention was given to con- 
structing apparatus for recording the direction of the wind and thereby 
preserving a continuous register of its variations. Tfie earliest of such 
inventions is that described and illustrated by Lenpoid, in 1724, which, 
except for the bulkiness of its mechanism, is a simple*and adequate 
apparatus, containing the essential features of our present instruments. 
In the present century anemographs have frequently combined on the 
same sheet traces showing both the direction of the wind and its press- 
ure or velocity. In the pressure anemometers, which are necessarily 
attached to the vane in order to keep them face to the wind, the com- 
bination of the two records is especially convenient. The anemographs 
of Kreil, Jelinek, and Osier are of this class. Beckley's anemograph, 
in use at the Kew Observatory and very extensively throughout Eng- 
land, registers on the same sheet the velocity and direction ; in Hew- 
lett's anemometer the wind pressure and direction are recorded by the 
same trace. In these forms the motion of the vane is conveyed mechan* 
ically to the registering sheet. But when, by reason of the location of 
the vane, the vane shaft can not be connected with the self-register an 
electrical connection is used in which wires making contacts with the 
respective quadrants of the vane shaft are led to a registering apparatus 
in the observer's room. This may easily be made self-recording. It is 
usually not a continuous register, but records at every 5 or 10 miles of 
wind or every five or fifteen minutes. With this electrical connection a 
wind vane or an anemometer may be established in any high or distant 
location at which the wind direction and velocity are desired. But in 
cases which allow of its use the mechanical continuous registration gives 
the more satisfactory record. 

The operating of a mechanical self-register necessitates that an addi- 
tional amount of work be performed by the wind in turning the vane, 
and thus contributes to diminish the sensitiveness of the latter. But 
if the mechanism of the self register be light and delicately constructed, 
as in the Signal Service pattern, the additional work is inappreciable. 

(a) Signal Service self'Tecording anemoscope. — This instrument (see 
Fig. 42) needs only a general description. A vertical cylinder, carrying 
the anemogragh sheet, is by clock-work caused to make a complete ro- 
tation about its vertical axis every twenty-four hours. The anemograph 
sheet is ruled both horizontally and vertically ; the vertical lines repre- 
sent hours of the day ; the horizontal lines designate the cardinal 
points of the compass, and recur in successive bands about 1 inch broad 
from the top to the bottom of the sheet when the latter is in place, their 
distance apart being such that a i)encil driven by a screw at the lower 
end of the vane staff moves over the space between the lines when the 
vane turns through one quadrant. A sheet contains thirty-two hori- 
zontal spaces fox eight complete rotations of the vane, and is therefore 
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Bufficieiit to hold the ^trabes for at least three or foar days. At noon 
every day the nut carrying the pencil is screwed down to a lower space 
for the formation of a new trace, or if necessary a new sheet is pat on. 
The instrument requires two adjustments ; one provides that the pencil 
Ahall so rest upon the lines as to accurately indicate the direction of the 
wind vane ; the other provides for a similar accuracy in the time scale. 
The latter is obtained first by an approximate adjustment when the 
peucil is originally put in place, and is further secured by marking (at 
specific hours and minutes twice a day) the position of the pencil on the 
sheet. With this care the instrument is susceptible of high accuracy. 

The continual oscillations of a sensitive vane, which give rise to un- 
certainty in determining the true wind direction by direct observation, 
are a matter of no difi&culty when recorded on an anemograph sheet. 
The examination of iiny anemograph sheet shows that where the oscil- 
lations are most frequent the true wind direction can generally be best 
determined. The existence of oscillatiojis is an evidence in light winds 
that the vane is keeping to the true direction, for a straight line on the 
sheet denotes either a calm or a wind too light to turn the vane, in 
which latter case the true direction may differ greatly from that indicated 
by the trace. The oscillations shown by the anemoscope sheet suggest 
a method of testing the sensitiveness of the vane. By comparison with 
simultaneous velocity sheets we may obtain the least velocities under 
which the vane will turn when the wind changes its direction by 5^, 
IQo, 150, and 20°, respectively. This is the criterion of sensitiveness. 

{b) Signal Service electrical a/nemograph. — This gives an electrical reg- 
istration of both velocity and direction T)n a horizontal cylinder revolv- 
ing by clock- work and bearing the register paper. The record of the di- 
rection is made by means of an electrical arrangement, similar to those 
of Secchi and Du Moncel, of four electro-magnets, each of which acts 
on an armature corresponding to one of the four quadrants, and is fur- 
nished with a marker, so placed that the position of the mark made on the 
paper by each marker indicates the direction of the wind to which that 
mark corresponds. In one form of the instrument the direction markers 
consist of disks, which print on the paper the letters JTJB S TT, and thus 
the position of the marks is not essential. Each of the four electro- 
magnets is connected by wire with its proper one of the four contact 
springs at the foot of the vane shaft, and a return wire, passing through 
the battery and the driving clock and thence to the magnets, completes 
the circuit. A contrivance within the clock closes the circuit, which is 
ordinarily left open, every five minutes ; the current passes through the 
magnets, whose wires are in contact at the vane shaft, and the corre- 
sponding disks print the direction. 

The system of contacts, by means of which the current is made to pass 
through the proper wires corresponding to the wind direction, is shown 
in Figs. 43 and 44. Upon the vane shaft are fitted four rubber cams, 
cecOj each extending over five-eighths of the circumference of the 
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shaft and arranged symmetrically around it. The contact springs AA 
(Fig. 43) are raised by the cams, and the circait which is made by a 
platinum point on their under surface is opened. During five-eighths of 
a revolution of the vane therefore any given contact spring will rest 
upon its cam and so be out of circuit, and during three-eighths of the 
revolution, or 67^0, will be in circuit. Hence, by the symmetrical 
arrangement of the cams the successive octants of the vane shaft will 
be in circuit with one or two wires alternately. Thus, for instance, when 
the cams are properly adjusted and the vane points between X. 22^^ w', 
and N. 67^0 W., both the north and west wires are in circait; when the 
vane is between N. 67Jo w. and N. 112Jo W., the west wire only is in 
circuit. The wind direction is therefore given to the nearest one of the 
eight points of the compass. 

The construction and operation will be understood by observing the 
following directions for establishing and a^usting the whole instru- 
ment: 

Fig. 43 shows the position of the contact when the vane rod passes 
through the roof to the ceiling of the office. 

Fig. 44 shows the position of the contact and of the friction rollers 
'when inclosed in a cast-iron base on the roof of a building. 

(1) To place the contact in position, as shown in Fig. 43, the vane rod 
must extend from 3} to 4 inches below the ceiling and the following di- 
rections observed: 

(2) Fasten the circuit closer ccco to the vane rod with the set-screws 
close to the ceiling, and then pass the end of the rod through the aper- 
ture in the lower side of brass support BB^ which must be securely 
fastened to the ceiling. 

(3) Screw the brass plate AA^ with which the four contact springs 
JV £ £f TT, are connected, to the support BB in such a manner that 
the contact springs will be parallel with and opposite to their respective 
cams on the circuit closer cccc. 

(4) Adjust the circuit closer ccce by having an assistant hold the 
wind vane in a due north direction ; loosen the set-screws of the circuit 
closer CQCC and turn it around until the point of the spring JV corre- 
sponds with the notch filed in the uppermost cam on the circuit closer 
opposite to the spring Hi. When this has been done firmly refasten the 
circuit closer to the vane rod by means of the set-screws. 

(5) Before connecting the five-wire cable test it and mark the wires 
IsE S W and B^ respectively, at both ends. Remove the covering 
from the cable for at least G inches at the end to be connected with the 
contact, clean the ends of the wires, connect them with the five binding 
posts at the ends of the springs NJE SW, then fasten the cable to the 
ceiling and conduct it to the instrument. The fifth wire, R, must be 
connected with one i)olo of the battery. 

(G) Wben all the wires have been properly placed the arrow or indi- 
cator must be screwed to the vane rod immediately under the lower 
portion of the brass support BB. 
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Where an office is so located that the vane rod can not be passed 
through the roof to the ceiling a cast-iron base BBj (Fig. 44), is used. 
This is set up as follows : 

A suitable wooden block is to be firmly fastened to the roof upon 
which the cast-iron base will be securely attached. The lower end of 
the pipe P, through which the vane rod passes, will be placed in the 
socket at the top of the cast-iron base, and the vane rod itself, DD^ 
passed through the two apertures in the top and bottom of the base BB 
and through the wooden block underneath the base. A hole should be 
bored in the wooden block of greater diameter than the vane rod in 
order to prevent friction. 

In erecting the vane care must be taken to place it at such an ele- 
vation that the vane rod will not extend too far below the iron base. 
After the large pipe P supporting the vane is firmly braced to the roof, 
and before the vane is attached to the rod, the contact friction rollers o 
must be placed in position. This will be done by raising the vane rod 
sufficiently to enable the circuit closer ccco and friction rollers O to 
be slipped on (he lower end of the rod. Lower the rod to its former 
position, so that the upper friction rollers (which are immediately 
below the vane) will rest upon the cap of the pipe. Then fasten the 
lower friction rollers, (?, to the vane rod BI)^ so that the weight of the 
rod will be as equally distributed as possible between the upper and 
lower friction rollers; place the circuit closer ccco and plate AA in 
position. 

(c) DechcvrerCa anemograph. — A vane with both vertical and horizontal 
balanced plane plates is mounted on a horizontal axis, supported by a 
copper stirrup soldered to the extremity of a tubular shaft, which de- 
scends into the observatory. At the lower end of this shaft is a zinc 
cylinder floating in a vessel of water and glycerine. This cylinder sup- 
ports the shaft, vane, driving clock, and drum for recording the inclina- 
tion of the air currents, and being unattached to the vessel in which 
it floats it turns freely with every change m direction of the vane. At- 
tached to the axis on which the vane swings is a grooved pulley, over 
which passes a light chain, one end of which is fixed to the pulley and 
the other end passes down the Vertical shaft to the top of the zinc float, 
where it gives motion to a light metalUo lever, which traverses the shaft 
by two longitudinal slits. This lever carries a pencil, which traces an 
arc of a circle on a cylinder driven by a clock. The whole of this ap- 
paratus being, as before mentioned, carried by the float turns with it 
as the wind shifts. The horizontal direction of the wind is recorded on 
a separate sheet. On the vertical shaft carrying the vane there is a 
fixed toothed wheel, which engages with a similar toothed wheel fixed 
to a paper-covered cylinder. This cylinder therefore turns to the same 
extent as the vane, but in an opposite direction. A pencil is by clock- 
work drawn parallel to the axis of this cylinder and the position of the 
mark indicates the direction of the wind. 
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{d) CaselMs alt-aaimuth anemometer, — This ingenioas instrument (see 
Fig. 45), devised by Louis M. Oasella, records the horizontal and vertical 
component of direction, and also the normal pressure of the wind, and 
is thus described by the inventor: The apparatus for indicating the 
direction of the wind consists of a vane constructed of a pair of diverg- 
ing blades fixed to a cap mounted so as to rotate about a vertical axis, 
the motion of this vane being transmitted by a vertical tubular shaft 
passing downwards through the usual fixed column to the registering 
mechanism. The apparatus for indicating the inclination of the wind 
to a horizontal plane consists of a similar vane (composed of a pair 
of diverging blades) mounted on a horizontal axis within the direction 
vane, so balanced as to assume normally, when no wind is blowing, a 
position in which its longitudinal axis is horizontal. To insure this the 
vane is brought to a condition of stable but very delicate and sensitive 
equilibrium. 

The oscillating motion of this inclination vane is transmitted to its reg 
istering mechanism by a tubular connecting rod, jointed to the vane by a 
pair of links, which move up and down inside the direction tube. Thus 
the inclination tube is so connected with the carriage of a stylus that 
its longitudinal motion affects the latter only, so that the record on the 
scale represents oscillations of the vane due to the varying inclination 
of the wind. 

The pressure plate is fixed to a guide rod sliding between pairs of 
rollers in the frame of the inclination vane and moving with it. In 
order to prevent the varying positions of the pressure plate from affect- 
ing the balance of the vane its motion is constantly and exactly com- 
pensated by a movable weight running on rollers, so arranged that the 
weight moves to a proportionate extent in the opposite direction to the 
pressure plate, so as to maintain the balance of the vane in all positions 
of the pressure plate. The motion of the pressure plate is transmitted 
to the apparatus for measuring the force by means of a chain attached 
to the guide rod of the plate and passing down over a pulley through 
the tubular shaft of the inclination vane. To prevent the weight of 
this chain from affecting the accuracy of the records it is exactly bal- 
anced by a counterpoise hanging in a casing carried by the cap. In this 
way the pressure plate is kept perpendicular to the direction of the air 
current, not only for all azimuths, but also for all altitudes. 



CHAPTER XIII. 

DIRECT MEASURES OF WIND VELOCITY. 
88. TELOCnr OF FLOATING OBJECTS. 

The velocity of the wind was first directly measured by allowing light 
sabstances to be borne along in the air while the observer timed their 
velocity. Thns Derham, about 1700, determined the velocity of a storm 
wind to be 53 miles per hour ; thus, in 1751, Lomonosoff determined the 
constants for reduction of his anemometer records; thus Coulomb, in 
1820, determined the velocity of a hurricane to be 100 miles per hour ; 
thus Stamkart, about 1850, in Holland, by a large number of accurate 
observations of smoke, closely determined the velocity of wind for each 
of the terms commonly used by Dutch seamen. 

A modified method of observation was proposed by Forbes, in which 
a rather heavy body is allowed to fall freely from a point vertically 
above a horizontal circle ; the deflection of the body from the vertical 
by the wind is given by observing the point at which it strikes the 
circle, from which the velocity is deduced when we know the law of 
resistance to the falling body. As a method of systematic observation 
this proposal could be recommended only in extreme cases. 

89. EFFECT OF WIND ON SOUND. 

A method of obtaining directly the velocity of wind was suggested 
in the last century by the determination of the velocity of sound. 

If sounds start simultaneously from two points, A and JB, while the 
wind is blowing from A towards B^ the velocity of the sound from A to 
B is increased by that of the wind, while the velocity from JB to J. is 
decreased by that of the wind. If at each place an observer determines 
the velocity of the sound that comes to him, the half difference of the 
results will be the velocity of the wind. By this method wind velocities 
were determined by the Academicians Gassini and Lacaille, in 1737 and 
1738, acting as a commission for the Academy of Sciences at Paris ^ they 
occupied stations from 3 to 20 miles apart. Similar determinations have 
subsequently been made by others, as the French Bureau of Longitude^ 
In 1822, and by Moll and Yanbeck in Holland, 1823. By this method 
we get a determination of the average movement of the air over a large 
horizontal space. 

The earlier observations were made with the object of determin- 
ing the velocity of sound, but now that its velocity has been independ- 
ently determined by many other methods we may assume it to be 
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known, and by a proper arrangement one observer may at any time 
determine the general wind velocity by this method. In order to carry 
ont this method of observation two men are stationed at considerable 
distances from a principal observer and in directions from him prefer- 
ably at right angles to each other. Some lond sounds are produced by 
these two men, as from a gun or cannon, and the observer records the 
time elapsing between his observation of the flash aud the sound. He 
has then for each case the velocity of the sound plus the effect of the 
respective wind components in the two directions, whence the wind 
velocity is easily computed. The adopted velocity of sound is, however, 
dependent upon the temperature of the air, and the uncertainty of the 
latter contributes to make this method unreliable. The relation between 
the velocity of sound and the air temperature is given by the following 
formula: 



vel. (feet per sec.)=1089.42 Vl+0.00208x(t-32) 

The slight effect of moisture in changing the elasticity of the air is 
disregarded in this formula. Four guns and one observer can be so 
located that the velocities of both the wind and sound and the direction 
of the wind are directly deducible from the observations ; in which 
case this formula gives its the means of determining from the velocity 
of sound the average temperature of tbe air. 

90. TELOCITT AT UODEBATE ELEVATIOKS. 

The preceding methods give velocities and directions quite near the 
surface of the ground, but by several other devices the velocity and 
direction of the wind can be observed at moderately high elevations. 

(a) Historically the kite is the oldest method of demonstrating not 
only the electric condition of the upper air, but also the strength and di- 
rection of the upper winds; it has been used up to elevations exceeding 
1,500 feet and higher elevations have been obtained by attaching sev- 
eral kites successively one above the other. Owing to the complexity of 
the forces acting on the string and the tail, as well as on the body of the 
kite, it is best to consider the whole as simply a means of elevating 
into the upper regions some other apparatus proper for observing the 
force and direction of the wind. In this way E. D. Archibald, having 
elevated Biram's form of Woltmann's air meter, has determined the 
relative velocity of the wind, and finds that it follows very closely the 
law expressed by the formula 






where v and V are the velocities at the altitudes h and S above sea 
level. Other apparatus, such as Casella's air meter, Bobinson's ane- 
mometer, or some form of pendulum anemometer, can be substituted 
for Biram's air meter for special studies. 
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In a similar way the direction of the wind at any altitude is shown 
by thus carrying up with the kite or by a messenger on the string, one 
or more long streamers, whose direction can be accurately observed from 
below, when the wind becomes known with any required degree of 
accuracy. 

Both direction and velocity are easily given by setting free at various 
altitudes on the kite string some light substance, as a ball of down or 
a cloud of smoke, whose movement can be accurately observed from two 
stations on the ground. Such objects are easily sent up by a messen- 
ger and discharged by automatic apparatus. 

The balloon kite invented by Archibald (see " Nature,'^ 1886) seems- 
to answer all requirements for elevations less than 3,000 feet. 

{h) Observations upon clouds of smoke produced by the explosion of 
bomb^shells have, it is reported, been systematically made by the Britisb 
meteorological office, but the results have not yet been pnblistied. 



CHAPTER XIV. 

PERSONAL ESTIMATES AND ABBITBABT SCALES OF WIND FORCE. 

91. TASIETT OF MBTHOOS. 

The personal observation of the estimated force of the wind is a 
method that belongs to the simplest and earliest meteorological records, 
and continnes to be practiced m its elementary form by all observers, 
indnding even those who, having special apparatus, can supplement 
personal estimates by instrumental measurements. 

Although devices for measuring the wind have frequently been used 
for the past two hundred years the majority of observers are still, and 
probably always will be, necessarily dependent upon estimates based 
largely upon their own judgment, and so reliable can such estimates be 
made that for many purposes they abundantly answer the needs of 
meteorology as well as of climatology. Unfortunately, however, diflfer- 
ent observers have adopted different scales or words for expressing 
their estimated force of wind, and it is a difficult matter to reduce their 
methods to a uniform system. A fairly complete collection of the terms 
or numbers used to express the strength of the wind, as made by me 
in 1875, shows that there are about two hundred systems ali'eady 
adopted or suggested as practicable in the absence of actual measure- 
ments. The experience of those who have daily used the Bobinson 
anemometer shows that direct estimate of velocity in miles hourly can 
easily be made. 

The general tendency of meteorological conventions has been in the 
direction of adopting some arbitrary decimal scale, according to which 
the strongest winds are represented by the number 10, and calms by 0; 
but it is generally acknowledged that the wide diffusion of the duo- 
decimal scale of Admiral Beaufort, in which the strongest winds are 
represented by the number 12, makes it impracticable entirely to dis- 
place that scale, and perhaps undesirable, inasmuch as the navigators 
of all nations have generally acquired a very considerable degree of 
^xpertness in its use. 

As recommended by the International Congress at Leipsic, Vienna, 
and Borne, the meteorological observers of the, .world should be divided 
into three classes: (1) Those using instruments giving either velocity or 
force, and who publish their instrumental records; (2) those who use 
personal estimates, recording by the to 10 scale, and generally adbpt 
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the metric system of measures ; and, (3), those who estimate and record 
by the to 12 scale, and generally adopt the English system of meas- 
ures.* 

9tl. WIND SCALES IX ORDINABT VSE. 

As preliminary to this desirable simplification the various arbitrary 
scales actually in use may be classified as follows : 

(1) The 12 scale. — This was introduced into the British navy by Ad- 
miral Beaufort about 1800, and has been adopted, with slightly varying 
interpretations as to the meanings to be attached to the numbers, by 
the Brussels Conference, by the British meteorological office, by the 
Austrian service, and by the British ordnance bureau. Attempts to 
determine whether any satisfactory values of wind velocity could be 
assigned to the respective numbers as used by observers were made first 
by Schott in his discussion of McGlintock's observations, and by Jelinek 
in his instructions for meteorological observations. 

The more recent determinations of this kind are by Scott, Sprung, 
and Koppen. 

(2) The 10 scale. — ^^Ten" scales were disseminated among the United 
States observers by Espy in 1837, by Nicollet in 1838 j about the same 
time they were adopted in Europe, especially in the Netherlands. Sim- 
ilar scales were adopted for the Smithsonian observers about 1850, by 
Jelinek in his instructions to Austrian observers, and by Wild in his 
instructions of 1871 to Busbian observers. The latest 10 scale is that 
adopted in the Signal Service Bulletin of Simultaneous International 
Observations. In each of these and other cases a slightly different in- 
terpretation of the values of the scale numbers is supposed to obtain ; 
the values adopted by the Smithsonian were first assigned by Schott, in 
18G2, in his discussions of McGlintock's observations; the scale adopted 
in Holland was interpreted first by Stamkart, about 1850, by means of 
observations on the velocity of smoke. 

(3) The 9 scale. — ^This was used in European telegraphic dispatches, 
where the words indicating force of wind were necessarily limited to 
the simple numerals; a similar scale was used for a short time by the 
United States Signal Office in 1870-'71, before the adoption of its 
printed cipher code. 

(4) The 8 «cate.— Adopted in 1871 by the Signal Office, but only for 
temporary special use to supplement the telegraphic cipher code when 
the station anemometer is out of order. 

(5) The 7 scale. — Introduced early in this, century into France and 
adopted by the Meteorological Society of France, and subsequently by 
Leverrier for use in his International Bulletin; this is still used very 
commonly in France, Austria, Italy, and Turkey. 

* Rasttian observers use Wild's tablet anemometer for velocities up to 20 meters per 
second and personal estimates for stronger winds, bnt record all observations in meters 
per second. 
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(6) The G scale. — This is more frequently known as the English land 
scale, and was intended to be one-half of the Beaufort nautical scale, so 
that 6 on the former corresponds to 12 on the latter. Introduced ap- 
parently for use in England and Scotland, this scale has also been 
widely adopted in other countries, and is used in the meteorological 
publications of Belgium, Norway, Sweden, and Denmark, and more re. 
H^ntly by the central bureau at Paris. Although sometimes known as 
the Glaisher and the Fitzroy land scale, yet I do not know that it was 
originated by either one of these ; it is by some called the continental 
scale, a term that has, however, also been applied to the 7 and the 4 
scales. 

(7) The 4 scale, — ^This is generally known as the Mannheim'or old con- 
tinental or old land scale ; it was first introduced by the observers at 
TJpsala, and was adopted by the Mannheim Meteorological Association 
about 1780. For a time this scale was very widely used, but now only 
by an occasional observer in Saxony, Netherlands, Italy, Switzerland 
xind Bussia. 



93. TEN SCALE OF THE SIGNAL SERVICE BULLETIN OP INTERNATIONAL OCSERTATIONS. 

The International Congress atLeipsic and Vienna recommended that 
there be a general agreement on a uniform 10 scale, and appointed a 
committee to devise a normal scale of numbers and velocities ; but the 
only one that has come into actual use is that devised by me in 1875, 
when it became necessary for me to edit the daily publication by the 
Signal OfBce of its International Bulletin, based upon a large mass of 
observations, representing nearly all the arbitrary scales then in use. 

At that time I decided to attempt the formation of a 10 scale that 
might have some claim to international recognition on the ground that 
it did not differ too much from those already widely established; the 
following was adopted for the use of the bulletin, and through it has 
i)ecome widely disseminated. Absolute velocities corresponding to the 
43cale numbers were adopted, as in the following table : 



« 

Scale 
numbers. 


Limiting velocities. 


Average Telooities. 


Miles per 
hour. 


Meters per 
secona. 


Miles per 
hoar. 


Meters per 
second. 



1 
2 
8 
4 
5 
6 
7 
8 
9 
10 


Calm. 

to 4.5 

4.6 to 9.0 

9.110 33.5 

13. 6 to 22. 5 

22.6 to 31. 5 

81. 6 to 40. 5 

40. 6 to 10. 5 

49.6 to 67.5 

67.6to85.5 

85. 6 upwards. 


Calm. 
to 2.0 
2.1 to 4.0 
4.1 to 6.0 
6. 1 to 10. 1 

10. 1 to 14. 1 
14.2tol&l 
l&2to22.1 

22. 2 to 30. 2 
30.8to88.2 
88. 8 upwards. 




2.2 
6.6 
1L8 
18.0 
27.0 
86.0 
45.0 
6&5 
76.5 
95.0 




1.0 

8.3 

6.0 

&0 

12.1 

16.0 

20.1 

26.1 

84.2 

42.6 
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The above velocities, wbeu converted into pressures by the Smeaton- 
House formula, give the following numbers, which may therefore be 
adopted for directly converting pressures observed by pressure-plate 
anemometers into the 10 scale of th? International Bulletin : 



Scale 


Liuiitins: preoaaro. 


Average pressure. 










nam ben. 


Poands per 
square foot. 


Kilograms per 
sqnare meter. 


Pounds per 
square foot. 


Kilograms per 
square meter. 

1 

















1 


0.00 to 0.10 


0. to 0. 5 


0.03 


0.15 


2 


0.11 to 0.40 


0.6 to 2.0 


0.23 


1.13 


3 


0.4Lto 0.90 


2. 1 to 4. 5 


0.64 


3.15 


4 


0.91 to 2 63 


4. 6 to 12.5 


1.62 


7.97 


5 


2. 54 to 4.96 


12. 6 to 24.5 


3.6i 


17.9 


6 


4. 97 to 8.20 


24. 6 to 40.5 


6.48 


3L9 


7 


8. 21 to 12. 25 


40. 6 to. 60.0 


10.12 


49.8 


8 


12. 26 to 22. 90 


60.1 to 112.7 


17.12 


84.2 


9 


22. 91 to 30.50 


112. 8 to 179. 6 


29.26 


143.9 


10 


36. 51 upwards. 


179. 7 upwards. 


45.12 


222.0 



Ko special formal regularity will be found in the relation of these 
velocities and pressures to the respective scale numbers, except that 
the differences in the velocity table proceed by steps of 4.5 miles per 
hour or some multiple thereof. All attempts to force some arbitrary 
relation, such as, for example, that the pressure of the wind should 
double for each increase in the scale number, or that the velocity of 
tbe wind should be some simple multiple or power of the scale number, 
gave results differing so much from the scales in actual use that it did 
not seem desirable in introducing a new arbitrary scale for the use of 
an International Bulletin, to depart unnecessarily from one that would 
nearly represent the average of all others, and would therefore imply 
the least possible change from scales in current use. The absolute value 
of the new scale numbers being thus decided on, the next step was the 
conversion of the Beaufort scale numbers into velocities, which was 
done by means of Scott's table of equivalents, and the corresponding 
pressures were then deduced by the Smeaton-Kouse formula. This, then, 
afforded the means of converting the observations of pressure on normal 
plates into the Beaufort^ and thence into the 10 scale. As a result the 
following tables have been adopted for the direct conversion of other 
scales into the 10 scale of the International Bulletin. These tables also 
show approximately the mutual relations of the arbitrary scales that 
.are now in use: 
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Tables for /^ convergion of rarioua wind sca\e» into the 10 scale of the Bulletin of Internum 

tional Simultaneous Observations, 



Beaufort scnle as now nne^ by British seamen. 


Corresponding 
International 
Bulletin scale. 


Terms. 


Kamben. 


Calm 




O.Sandl 

1.5 and 2 

2. 5 and 3 

a 5 and 4 

4.5and5 

(L 6 and 6 

7 

7. 5 and 8 and 8. 5 

9 
10 
11 
12 


Nos. 
1 
2 
3 
4 
5 
6 
7 
8 
8 
9 
10 
10 


Light air 


Xiisht breeze - 


Gentle breeze. .............. 


Moderate breeze 


Fresh breeze 


Strong breeze 


Moderate gale 


Fresh gale.... 


Stronir irale 


Whole gale 


Storm 


Hurricane 





KOTB. —Intermediate numbers, tf. p.* 2. 5, ftvqnently occur in the ob- 
lerver's reports, and are thervfore included In the second colunm. 



Jelinek's Austrian, scale. 



Terms. 



Calm 

Scarcely sensible . . 

Feeble wind 

Moderate wind — 

Stronger wind 

Rather strong wind 

Strong wind 

Very strong wind ., 

Stormy wind.. 

Storm 

Hurricane 



Numbers. 




1 
2 
8 
4 
6 
6 
7 
8 
9 
10 



Corresponding 

Internattonal 

Bulletin scale. 



Nos. 




2 
4 
5 
6 
7 
8 
• 
9 
9 
10 



Smithsonian scale and original sosle of 1874 for 
voluntary obserrers of the Signal Service. 



Terms. 



Numbers, 



Calm 

Very light breese 

Gentle breeze ....n.... 

Fresh breeze 

Strong wind 

High wind 

Gale 

Strong gale 

Violent gale 

Hurricane 

Most violent hurricane 




1 
2 
8 
4 
5 
6 
7 
8 

10 



International 

BnUetin 

scale. 



Nos. 




1 

lor2 
8 

4orS 
S 
7 
8 
9 
9 
10 
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Signal Service scale for telegraphio cipher. 


International 

Bnlletin 

scale. 


Measnred Telocity 
per hoor. 


Terms. 


Kombers. 


MiUt. 


Ito 2 

8 to 5 

6 to 14 
15 to 29 
30 to 89 
40 to 50 
60 to 70 
80 upwards. 


Calm 




1 
2 
8 
4 
5 
6 
7 
6 


Nos. 
1 
3 
5 

e 

7 

8 



10 


Light 


Gentle 

Fresh 

Brisk 


Hi£h 


Qale 

Storm 

Horricane — 



Wild's new Russian scale. 


The old Rus- 
sian scale. 
Numbers. 


International 
Bulletin scale. 


Terms. 


Numbers. 


Calm 




1 
2 
3 
4 
5 
6 
7 
8 

10 




1 
1 
2 
2 
3 
8 
4 


Nos. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 


Very feeble 

Feeble 


Light 


Moderate 


Freeh 


Stronir 


Very strong 

Storm* 


Heavy storm 

Hurrioone 





Scale of the French Meteorological Association. 


International 
Bulletin scale. 


Old terms. 


Modem terms. 


Numbers. 


Calm 

Feeble 

Moderate 

Rather strong .. 
Strong 


Calm .....T. 



1 
2 
3 

4 
5 
6 
7 


Nos. 
1 
2 
8 
4 
6 
• 
It 


Very Feeble — 
Feeble 


Moderate 

Strone... 


Very strong — 
Violent 


Very strong 

Violent 


Hurricane ...... 


Hurricane 



Sia 87, PT 2 14 
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Scale of the central 

meteorological bii- 

rean of PariA. 


International 
BoUetin scale. 


Nos. 

1 
2 
3 
4 
5 
6 


Nob. 
1 
8 
4 
6 
8 
10 



The Mannbeim scale. 


International 
Bulletin scale. 


Terms. 


Knmbers. 


Gftlm OP Terv woftk ,T.*,.»,,-rrr*-- 




1 

2 
8 

4 


Nos. 

a 

4 

e 

6 

s 


Moderate or liffht ..,..»- 


Strong, or the wind moves the 
branch^ .-..»., .......-- 


Very strong, or the wind mores 
the trees and hinders walking.. 

Storm, or the wind breaks the 
branches 


"From lto2" 







English land scale. 


International 
BoUetin scale. 


Terms. 


Numbers. 


Calm 

light 

Moderate... 
Strong...... 

Fresh gale.. 
'Wholegale. 




1 

a 

8 
4 
6 

8 


Kos. or 1 



CHAPTER XV. 

PRESSURE ANEMOMETERS. 
94. THE VLnMATE OBJECT OF AFTEMOMETBT. 

The pressure exerted by the wind against an obstacle in its path is a 
function of the kinetic energy Qf the wind, and of the size and shape 
of the object against which the press are is exerted. The determination 
of this fnnction, and thereby the amount of wind x)ressare to which 
strnctures are liable, is of great importance to architects and engineers? 
while tbe Telocity of the wind is the element most important to meteor- 
ology. It is often urged that observations with pressure anemometers 
furnish directly the data needed by practical engineers, and are there- 
fore more immediately useful -than the records of velocity anemometers, 
which must be converted into pressure in order to be of utility. But 
this is a mistake, since the records of a given form of pressure anemom- 
eter can not in strictness be generalized and assumed to give the 
same pressure per square foot that the same wind would exert upon 
surfaces of different shape and size; thus the wind that produces a 
pressure of 10 pounds on an anemometer plate 1 foot square will not 
produce 1,000 pounds on a surface 10 feet square. Even for engineers, 
therefore, a knowledge of the velocity of the wind is of greater use 
than any observed i^essure, for, knowing the velocity, th^ pressure 
npon the special surface under consideration may be determined by 
Buch formulae as theory and experiment may indicate to be appropriate 
for that surface. 

The real point of advantage in a pressure anemometer, as compared 
witt a rotation anemometer, consists in the fact that it registers mo- 
mentary gusts, thereby furnishing data for obtaining maximum veloci- 
ties and pressures, while the velocity anemometer is essentially an inte- 
grating machine, giving total movements and average velocities for 
definite intervals of time. Thus each class of instruments fills its own 
place, and is needed to supply the deficiencies of the others. Pressure 
anemometers may be properly subdivided into several varieties, each 
of which will be specially considered in the following paragraphs of 
this chapter. 

95. PENDULUM AXEM0MBTER8. 

The history of accurate anemometry begins with the use of one form 
of pressure anemometer, of which a first description was published in 
1667 in Instructions for Seamen, by Bobert Hooke; in consequence this 
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has been called Hooke's anemometer, althoogh it is by no means dear 
whether he or Rooke, who died in 1662, or Sir Christopher Wren was 
its inventor, and it onght rather to be known as the anemometer of the 
first meteorological committee of the Boyal Society (see Sprat, History 
of the Boyal Society, 1667). This instrument (see Fig. 46) consists es- 
sentially of a plane tablet, OA suspended from a horizontal axis, and 
swinging upwards along a graduated quadrant, AB. The quadrant 
turning freely as a vane on a vertical shaft keeps the plate facing to 
the wind, and also serves to measure its angular deflection. This type, 
in which the wind force is balanced by the force of gravity, has been 
designated '^pendulum," and has been the subject of numerous struct- 
ural modifications. Among these may be mentioned the form devised 
by the Bev. Boger Pickering in 1744, in which the rim of the graduated 
quadrant was notched to each degree, and the tablet held up by a spring 
catching at every notch, so as to register the maximum deflection. 

Another modification is by Dr. Schmidt, of Oiessen, in 1828, who 
used a circular plate and registered on a quadrant the maximum deflec- 
tion by an index pushed forward by the deviation of the plate. 

All forms of pressure plates require to be kept face to the wind by 
being attached to a wind vane ; but, especially during high winds, the 
wind vane itself is subject to continual veering, and it is impossible to 
maintain the exact i)erpendicularity of the plate. This complication is 
obviated by the use of a sphere, upon which the wind acts with the 
same force from whatever direction it may come. When suspended by 
a rod and universal joint the deflection of the sphere from the vertical 
will measure the force of the wind and show its direction. This sug- 
gestion was first made by Parrot (Voigt's Magazine, Vol. L, 1797, p. 153), 
who studied also the significance of the indications of the instrument, 
and concluded that the pressure upon the front face of the sphere is 
very approximately equal to one-half the pressure upon the flat surface 
of a section through its center. 

An anemometer embodying Parrot's idea was constructed by Hewlett 
in 1868, wherein the sphere is placed at the upper end of a rod pivoted 
near the middle, and bearing at its lower end a counterpoise. Thus 
the sphere and upper half of the rod are exposed to the wind, while its 
lower portion below the pivot is protected in an inclosure. A pencil 
attached to the rod traces the direction and force, so that the instru- 
ment becomes a self-recording anemometer for both direction and in- 
tensity. This is the simplest apparatus for obtaining both the direction 
Skud force of momentary gusts. 

The same object of obviating the use of the wind vane for the proper 
exposure of the pressure surface has been attained by Mr. Daniel Draper 
in the use of a cylinder suspended by a chain, and recording by means 
of a pencil attached by a string to the lower end of the cylinder. This 
more complex instrument has been in use at the meteorological observ- 
atory, Central Park, !New York, since 1869. The proper interpretation 
of its indications has not yet been made evident.^ The theory of its 
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action reqaires carefal analysiH, the cbaiu suspe.Dsion beiug an important 
additional element in the determination of its position of equilibriam. 
Of these variouR forms of the pendulum sknemometer only the first 
iorm, as given by Hooke and Wren, has come into any extended use. 
In 1861, nearly two centuries after Hooke's publication, Prof. H. Wild 
introduced this simple instrument at the meteorological stations of the 
canton Berne, and later throughout Switzerland and Baden. Since 
1870, as director of the Central Physical Observatory at St. Peters- 
burg, he has made it a part of the instrumental outfit of meteorologi- 
cal stations in Bussia. It is now known as Wild's tablet anemometer. 
The accompanying Fig. 47 shows the details of its construction. A 
slightly modified form was introduced into Germany by Prestel, 1865, 
but was not widely used. 

96. NOBMAL PBESSUBE-PUTB ANEM0METEB8. 

The principal objections to the swinging plate as an anemometer of 
precision, and especially the theoretical difficulties with respect to the 
proper function of the angle to be used in reducing the indications of 
the former, are obviated in the perpendicular pressure plate. The ear- 
liest reference to this type of pressure anemometer, and which repre- 
sents a distinct class, is contained in Leupold's Theatrum Machlnarum 
Generale, Leipzig, 1724. 

A peri)endicular pressure plate, 6 by 12 inches, is set into a base 
movable in horizontal grooves and placed face to the wind. The wind 
pressure on the plate is counterbalanced by a weight, acting with a 
variable leverage, attached to the plate by a cord passing over a pulley. 
In any position of equilibrium the pressure upon the plate is propor- 
tional to the moment of the weight supported, if the friction of the 
parts be negligible. 

As to the supposed advantage which this instrument possesses Leu- 

pold says : 

Because the plate always stands straight against the wind, and as it has a certain 
definite sntfaoe, we can make a compntation (of pressure) for any other surfaoei 
greater or smaller, which is not practicable with other instmments. 

In. 1746 M. Bonguer used a card-board pressing against a spring, and 
urged its advantages in that << the pressure on each square foot of sur- 
face is at once found without having to take into consideration the 
obliquity of the impact." Numerous forms of construction and regis* 
tration were suggested during the next hundred years, among which 
the most important improvements were in the arpplication of gravity 
resistances in place of springs. Kirwan in 1810, and Beaufoy in 1821, 
are quoted as contributing to the advancement of anemometry in this 
way, but they made no advance in the method of measurement beyond 
the construction described by Leupoid in 1724. 

These various modifications attained nothing more than an individ- 
ual use nntil the stimulus given to meteorological observation by 
the British Association and the Boyal Meteorological Society from 1830 
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to 1840 led to the general adoption in Great Britain of nniformly con- 
structed instruments. 

A self- registering pressure-plate anemometer, presented to the British 
Association in 1837 by Osier, became generally accepted in Great Britain 
and Europe as the standard pressure anemometer, and is still in use as 
such. An Osier anemometer is in use at Brussels, and instruments of 
the same form are in general use at meteorological stations in the Neth- 
erlands. In this instrument (Fig. 48) the plate, 1 foot square, is kept 
face to the wind by a vane, and the pressure is received against springs 
placed behind it. To indicate the amount of compression, and so the 
force of the wind, a light chain connected with the pressure plate is 
conveyed through the hollow vertical shaft of the wind vane, and then, 
turning over a pulley, draws a pencil up or down, as the intensity in- 
creases or diminishes ; a tracing is thus made on a sheet of paper moved 
by clock-work. The pressure plate is supported by light bars running 
horizontally on friction rollers and communicating with flattened 
springs (1) (2) (3), so that the plate, when affected by the pressure of 
the wind, acts upon them, and they transfer such action to the chain 
passing down the interior of the shaft. A second pencil connected with 
the shaft of the vane registers the direction on the same sheet, and thus 
a continuous registration of the wind force and direction is maintained. 
The diagram (Fig. 49) gives a representation of an improved con- 
struction of Osier's anemometer, as used at the royal observatory, 
Greenwich. The acting portion of this apparatus consists of a circular 
disk of iron having 2 square feet of area. It is very light, but is 
strengthenecl by stays placed behind it. When the wind blows against 
the circular plate the springs DDDD are brought successively into ac- 
tion, the stronger being so arranged as to take up the pressure before the 
weaker are subjected to any strain. A rod, &, which moves with the 
pressure plate, carries a fine flexible wire cord, JJ, which, not readily 
seen in the drawing, passes over a small pulley in the side of the rod 
carrying the direction vane and runs down through the rod. This wire 
continues on into the building, where it governs the motion of a pencil 
on an anemometer sheet. 

This itistrument is so sensitive that it will record pressures as light 
as a fraction of an ounce on the square foot, while in gales it will sup- 
port a force as great as 40 pounds in the same area. 

In 1850 Jeliuek devised a modification of Osier's anemometer, in 
which the springs behind the pressure plate were inclosed in a cylin- 
drical case. This case served the purpose both of protecting the 
springs from exposure to the weather and of eliminating the action of 
the wind, at the back of the plate, which action forms an important fac- 
tor in the total pressure experienced by a simple plane lamina immersed 
transversely in a moving fluid. 

In Gator's anemometer (see Fig. 50), designed in 1864, the pressure 
in the rear of the plane was sought to be avoided by making the press- 
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are plate the base of a coue. Another and the principal featare of 
Mr. Gator's anemometer was the sabstitation of a gravity resistance 
in place of the sets of weather-exposed springs, which constitute the 
essential constructional defect of Osier's anemometer. The diagram 
shows the only portion of the instrument exposed to the weather. The 
plane base a of the cone has an area of 1 square foot, and is kept 
face to the wind by the vane. This base is pushed by the wind towards 
by and in its motion draws up the chain, which passes downward 
through the axis co into the observing-room below, where it winds 
around a spiral drum that is rigidly connected with a second spiral that 
supports a weight not shown in the figure. By the change in the point 
of application of the force the weight exerts a pull continuomly increas- 
ing with the wind force. A cord fastened to the drum conveys its mo- 
tion to a registering apparatus, and the instrument becomes self- record- 
ing. The use of a gradually varying gravity resistance in place of a 
spring is a constructional improvement, because the strength and elas- 
ticity of a spring can not be depended on to remain constant under 
variations of temperature, exposure to weather, and continual use. 

Professor Wilke, of Stockholm, in 1785, suggested a method for meas- 
uring the pressure, whereby the plate presses against a leather bag con- 
taining mercury, which is thus pressed up into a glass tube and pushes 
np colored spirits in a finer tube above, thus magnifying the scale. The 
varying height of the column affords a good indication of the variations 
in wind pressure. Pujoux adopted a similar idea, the pressure being 
received against a bag filled with air, which, by compression, forced a 
column of liquid to rise in a double siphon tube. 

All the above modifications of the pressure- plate anemometer (except 
that of Jelinek, which eliminates, and that of Gator, which reduces the 
diminution of pressure behind the plate) pertain only to the measure- 
ment of the pressure experienced, but do not touch the anemometrical 
principle of the instrument, namely, the relation of the pressure pro- 
duced on the plate to the velocity of the wind. 

97. TVBIILAB PBESSUBB ANEXOMBTEBS. 

A third class of pressure anemometers is that in which the wind 
pressure is received by a tube and conveyed to the surface of the liquid 
in the manometer. Lenpold, in his Theatrum Staticum, Leipzig, 1726, 
gives among the diagrams of anemometers a representation of an in- 
strument of this kind (see Fig. 51). His figure shows a funnel-shaped 
receiver leading to ajar of water or other liquid, upon which the wind, 
blowing into the funnel, exerts its pressure. The height of liquid ris- 
ing in a vertical tube, whose lower end is immersed in the liquid, meas- 
ures the pressure on the surface. 

In 1775 Dr. Lind, making use of the same principle, brought out an 
instrument known as Lind's wind-gauge or anemometer, which in dif- 
ferent forms has since been widely used. In its original form this con- 
sisted of a glass tube (see Fig. 52) bent in the form of a letter U and 
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partly filled with water; the two limbs were connected by a smaller 
tabe, whose bore was one- tenth of an inch in diameter, to check the nn- 
dolations of the water, and in time of gnsts to prevent it firom beings 
thrown up by inertia to a greater altitude than the wind at that time is 
able to sustain. Both limbs were open above, and the receiving end was 
bent at right angles, so as to directly face the wind. In later modifica- 
tions this open end is sometimes made bell-shaped, with a view to enlarg- 
ing the area of the opening on which the wind acts, thus retoming to Len- 
pold's arrangement. The tube is attached to a broad vane and poised 
on a pivot, so that the month is constantly presented to the wind. The 
pressure of the wind on the air which fills the upper part of the wind- 
ward tube is transmitted to the water, which is thereby depressed in 
the first limb and raised in the other limb ^ the difference in the height 
of the two columns, as read off on an attached scale, indicates the 
pressure of the wind in the windward tube increased by the suction 
in the lee tube, which latter was not taken into account by Dr. Lind. 
Sir David Brewster made the lee tube with a closed bulb at the top. In 
this case the pressure of the wind is balanced by the column of liquid 
supported, and by the increased pressure of the confined air ; the uncer- 
tain amount of suction was thereby eliminated. A new form of Lind's 
wind-gauge was made by Sir Snow Harris, in which the leeward tube 
is made of a smaller bore than the other, in order to increase the sensi- 
tiveness, and a plumb-line is hung within the frame of the instrument 
to show when it is exactly verticaL These forms of Lind's anemometers 
have received very extensive use in England for many years. The 
pressure indicated by the measured difference of height in the two limbs 
depends, so far as the instrument is concerned, upon the area of the 
receiving orifice, the sections of the tubes, and the density of the liquid. 
In an instrument devised by Adie in 1836, one of which was in use 
for several years at the Boyal Observatory in Edinburgh, the wind 
blows into a bell-mouthed tube, and the compressed air within is led 
into a cylinder inverted over water, which acts as a gasometer or ma- 
nometer and rises as the pressure of the wind increases. This method 
of measuring has been adopted by Hagemann for suction tubes at fixed 
stations ; his most recent portable anemometer, for use at sea, employs 
the V-tube, as in Lind's arrangement. A third method of measuring 
the pressure of the wind upon the air in a tube has been suggested (see 
Ann. Bep. G. S. O., 1882, page 99) by the present writer, in which a 
delicate aneroid barometer, specially adapted in its construction to the 
object in view, is inclosed at the bottom of each single vertical tube. 
The excess of pressure upon this barometer over the general static 
pressure of the air represents the pressure due to dynamic effect of the 
wind, and the accuracy attainable by this means is greater than that 
possessed by most of the above-described methods of measurement 
applied to Lind's gauge. The principle of Lind's gauge is essentially 
the same as that of the Pitot tube as ordinarily applied to measurements 
of the velocity of water. 
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9S. BBIOIED ANEMOMETERS, 

The term ^' bridled" lias been given by Laaghton to a foarth class of 
pressure aDemometers in wiiich windmill sails, blades, paddle-wheels, 
or caps fixed to an axis receive the wind, but whose rotation is pre- 
vented by interposed resistances. The earliest of these was by Chris- 
tian Wolf in 1708.* A set of small windmill sails on a horizontal axis 
communicates motion to a toothed wheel. A counterbalancing weight, 
acting with a variable leverage upon the axle of this wheel prevents 
the sails from rotating, and they are brought to rest in positions of 
equilibrium corresponding to the variable force of the wind. The hor- 
izontal axis, about which the windmill sails revolve, is kept permanently 
directed toward the wind by being attached to an ordinary wind vane; 
an index on a dial face shows the angle of rest of the wheel, and thus 
the relative pressure of the wind against the sails. 

An improvement on Wolf's anemometer was made by Garthner, an 
ingenious and celebrated mechanician of Dresden, by attaching a set of 
curved sails to a vertical spindle, thus obviating the necessity of a wind 
vane to keep the sails properly facing the wind.t 

The diagram (Fig. 53) from Leupold's Theatrum Staticum, plate XXI, 
shows a horizontal section of this instrument; the six curved radial arms 

* The Edinbargh Encyclopsedia describes an instrament, apparently very muoh like 
Wolf's, ID vented by Dr. Cronne in 1667, the same year of the description of the pend- 
nlnm anemometer by Hooke, bat Croane's instrument never came into actnal nse. 

tin his Historical Sketch of Anemometry, Quarterly Journal Meteorological So- 
ciety, YIII, 1882, pp. 161-189, Mr. J. E. Langhton gives the credit of the invention of 
this anemometer to Leapold. This statement is made on the basis of its description 
in Leupold's Theatrum Machinarum Generale, Leipzig, 1724, where it is described 
without reference to its inventor; but in his Theatrum Staticum, Leipzig, 1726, it 
is called Gaerthner's anemometer, and one is said to have been erected on tho house 
of Dinglinger in Dresden. This latter fact suggests a note on Laughton's further state- 
ment that '* the earliest rotation anemometer, measuring the velocity of the wind, 
was that of Dinglinger,'' of which a scant mention is made by Leupold in 1724. The 
whole of Leupold's note is as follows: 

" Herr Dinglinger in Dressden hat nebst vielen andem Ennst-Stttcken an seinem 
wohl-angelegten ourieusen Hause, solches zu einem Wind-Weiser wiestarck der Wind 
gehet, applicireu lassen, wobey es gute Dienste thnt. Die ganze Machine ist von 
Blech, unten aber in einem Zimmer mit grossen sanbem Tafeln und Abtheilungen, 
davon auch eine Tafel die Gegend des Windes, cind eine die Stunden und Minuten 
weiset, gezieret." 

The plate accompanying this reference shows an exterior instrument similar to the 
bridled anemometer of Garthner, which Leupold states was established on Dinglin- 
ger's house. This above passage gives no indication as to whether the instrument 
was used as a rotation or bridled anemometer. The clause ''davon auch eine Tafel 
die Gegend" refers to a wind vane whose rotation was carried to the room below and 
registered by a dial or perhaps made self-recording ; the Tafel, which showed hours 
and minutes, seems to belong to the anemescope, or perhaps was used in connection 
with both the anemometer and anemescope. It seems more probable, therefore, that 
the anemometer here referred to was the same instrument (Garthner's bridled ane- 
mometer) described in the Theatrum Staticum, and not a rotation anemometer, for 
which the text gives no authority. 
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respond to the wind pressure ; an exterior system of fixed inclined plates 
leads the wind to the concave surface of the arms and screens the con- 
vex surface therefrom. The rotaMon of the arms is prevented by a self- 
adjusting gravity resistance. Leupold's description of this instrument 
in 1724 is it^first publication ; in the following year Leutmann describes 
a similar instrument, which he apparently claims as his own invention. 
Sir Francis Qalton has recently made a bridled anemometer with 
Robinson's cups, preventing rotation by a resistance spring, and Prof. 
O. G. Stokes has used five such cups, whose rotation is prevented by 
attached weights. 

99. CONYEBSIOX OP ANEHOMETBIO PBES8VBB INTO WIIID YELOCRT. 

The velocity of the wind can be deduced from records of the various 
forms of pressure anemometers described in sections 95-98 only by 
calculations founded on experimental data, and on formulse deduced 
from the laws of mechanics, the whole of which constitutes the theory 
of anemometers. 

As regards the deductive treatment of this subject it need only be 
said that the present state of sero-dynamics does not furnish any com- 
plete and general relation between velocity and pressure available for 
all pressure anemometers, so that independent formulsB and experiments 
are necessary for each instrument, according to the form and size of the 
surface or the object upon which the wind acts. 

As regards the experimental treatment investigations have been lim- 
ited to measuring pressures produced by two methods, namelyi (1) 
currents of air pressing against a stationary object ; (2) still air resist* 
ing a moving object. The latter method of obtaining definite relations 
between velocities and pressures is again subdivided into (1) resistances 
to bodies moved by whirling-machines and by pendulums, both of which 
give circular motions, and (2) resistances to bodies having rectilinear 
motions. 

These three modes of experimentation apparently give different re- 
sults, and extensive studies have been instituted as to the reasons 
therefor. In general, for the same linear velocities, rectilinear motions 
in still air give resistances less than the pressures of rectilinear winds 
against the stationary bodies. Again, circular motions in still air give 
greater resistances than rectilinear motions in still air. 

100. MECHANICAL CONSIDEBATIONS. 

The mechanical principles involved in fluid motion may be classified 
as follows : • 

(a) Inertia of impact^ Newtonian theorem, — The deductive mathemat- 
ical study of the laws of resistance of fluids begins with Galileo, and its 

* While reading the proof of this page I received throngh the kindness of M. Boas- 
slnesq an early copy of the valnahle posthamons work of Saint Venant, '' fi^istance 
des Fluids," M^m. Inst, de France, 1887, in which our subject is treated in eminently 
practical and brilliant style. Angust 1, 1888. 
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first century ends with the publication of Sir Isaac N'ewton's Principia, 
acccirding to whom, and with an approximation sufficient to represent 
the observations of earlier days at low velocities, the resistance be- 
tween the solid and fluid is equal to the pressure due to the weight of 
a column of the fluid of the same density D, whose base is the cross- 
section A of the body, and whose height H is the height required for 



gravity g to give to a freely falling body the same velocity Vy or JEr= 
This resistance is therefore expressed by the equation 



t?» 



2^ 



The pressure calculated by this formula is in general different from that 
observed, and this is therefore frequently called the theoretical press- 
ure or resistance due to impact, etc., but as no really complete theory 
of the motions of natural fluids leads to this formula it is more proper 
to call it ^Hhe Newtonian theorem,'' although he himself modified it 
afterwards. 

{b) Viscosity, — In the further explanation of the phenomena of fluid 
resistance the idea of viscosity was early resorted to. In 1720 'sGra* 
vesande, of Leyden, in his Introduction to the Newtonian Philosophy, 
concludes that the resistance to the motion of a body through a fluid 
is due to two causes: First, the cohesion of the particles of the fluid 
which introduces a term proportional to the velocity ; second, the iner- 
tia of the particles which introduces a term proportional to the square 
of the velocity. In this view Daniel Bernoulli, in his Hydro-dynamica, 
1738, coincided, but Borda, in several memoirs, between 1763 and 1770, 
concludes that the viscosity and the term proportional to the velocity 
are not sustained by actual observation ; he therefore returned to the 
Newtonian theorem. The accurate observations of the oscillations- of 
the pendulum made first by Dubuat in 1780, but afterwards more thor- 
oughly still by Bessel in 1828, Sabine in 1829, and Baily iu 1832, afforded 
Stokes the data for memoirs, wherein he was able to .show the law and 
amount of the action of the internal friction or viscosity of gases and 
liquids. Viscosity is a resisting force, and like gravity is measured or 
expressed as an acceleration per unit of time. The coefficient of viscosity 
is the force required to slide a layer of fluid of a unit area at a unit's ve- 
locity over a layer of the same fluid at a unit's distance from it. This 
coefficient in English measures for air is, according to Maxwell, 0.000- 
000 0256 (461o+<), which expresses the pressure in pounds required to 
slide 1 square foot of air at the rate of 1 foot per second parallel to a 
layer 1 foot distant, and where t is the temperature in Fahrenheit. Simi- 
larly, according to flelmholtz and Pietrowski, for pure water at a tem- 
perature T70 F. the coefficient is 0.000 00091 in English measures. For 
all gases the coefficient increases nearly in proportion to the absolute 
temperature, but for liquids it diminishes. In C. G. S. units the above 
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coefficients are 0.0141 for water at 24.5^ 0., but 0.00018 (1+0.00270) for 
air at temperature 6^ C. Therefore air is more viscous than water, after 
allowing for its density yf^ ; moist air is more viscous than dry air; hot 
air more viscous than cold air. The conclusion has generally been en- 
tertained that the viscosity proper, otherwise called internal friction or 
shearing stress, however important in many other physical phenomena, 
may be neglected in anemometry, and that the study of the laws of 
resistance may be restricted to the consideration of an ideal non- viscous 
or perfect fluid. This, however, may lead to appreciable defects in our 
results. 

(c) TTaveff. — ^Waves of compression are propagated rapidly through 
a gas or a liquid ; therefore in an unlimited mass of fluid every obstacle 
or moving body is preceded by the great primary wave of translation, 
HO called by J. Scott Bussell, and a slight dissipation of energy is due 
thereto. This is generally negligible in anemometry. A wave of sound 
is such a primary wave of compression ; a cannon-ball that moves faster 
than sound is perpetually striking quiescent air, but if it moves with 
the velocity of sound or very slightly less it is perpetually striking air 
tliat has already been set in motion by the primary wave of translation 
that started from the front of the obstacle a moment before; therefore 
the ball experiences^ a proportionate diminution of its resistance, pre- 
cisely similar to the diminution experienced by canal-boats that keep 
up with the wave of translation. Obstacles that move with a velocity 
111 uch less than that of sound are perpetually meeting air that has nearly 
i'ome to rest after the passage of the primary wave. In the preceding 
the body is assumed to be wholly immersed in a fluid or current of in- 
definite extent; if the liquid is limited, as by the surface of a river, or 
the sides of channels, or of pipes, an additional amount of energy is 
dissipated in the production of small surface waves and the reactions 
of waves reflected from the boundaries. For the moderate velocities 
ihut occur in anemometry the resistance corresponding to the energy 
dissipated in the production of waves is neglected, but for higher 
velocities it is very appreciable. 

[d) i8&i» /riction.— When a smooth well-shaped body (a "fair body^ 
passes slowly through a fluid of indefinite extent it produces very little 
disturbance or permanent wake; in proportion as its shape becomes 
that of a body of least resistance the relative importance of the resist- 
ance produced by the eddies between the liquid and the surface of the 
body increases. This, which is a principal factor in the resistance of a 
well-shaped, smooth, Jong ship, moving through the water, is called skin 
friction, and has been accurately measured by Froude (see his Beport to 
the Lords Commissioners of the Admiralty on Experiments for the De- 
termination of the Frictional Resistance of Water on a Surface under 
Various Conditions, performed at Chelston Cross, Torquay, under the 
Authority of their Lordships. By W. Froude. London: Taylor & 
Francis. 1874). If the liquid does not adhere to or wet the solid then 
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the liquid and solid slip past each other with a sliding friction similar 
to that of smooth solids separated by unguents, but this rarely happens, 
and the smoothest plane surface carries a layer of small regular whirls 
with it; if a slight roughness of the surface causes still more liquid 
to be carried along in innumerable small whirls this is equivalent to an 
increase of cross-section and of inertia of the solid. In the air for mod- 
erate velocities simple viscous resistance becomes less important than 
skin friction; for still higher velocities skin friction is negligible as com- 
pared with the fluid friction attending the spheres and plates and other 
'^ unfair bodies'' that are used in anemometry, as is shown by the rela- 
tive measures of resistances of rough and smooth surfaces made by 
Hagen, Kecknagel, Baughton, and others. 

{€) Fluid friction, — When a normal pressure plate or other "unfair'' 
boijy moves through a perfect liquid, i. e., one without viscosity, still dis- 
continuous motions, surfaces, and spaces in the liquid may attend the 
movement; large eddies are produced near and especially behind the 
body ; a small quantity of dead fluid is carried in front and a larger quan- 
tity ill the rear ; the particles, separating from each other in front in order 
to be deflected around the solid, acquire eddying motions and give up a 
part of their energies to the adjacent portions of the liquid, and the total 
effect is as though the energy of the moving solid is dissipated through- 
out a large portion of the liquid, or as though the mass of the solid were 
steadily increasing. The total amount of energy thus communicated 
per unit of time is said to be used up in overcoming ^< fluid friction," as 
distinguished from the skin friction due to lateral eddies and from the 
shearing effect that is resisted by viscosity. Similar eddies iu discon- 
tinuous spaces within natural viscous fluids drag the neighboring liquid 
with them into still larger eddies, and the theoretical part of anemometry 
is very largely to be considered as a study of the laws of fluid friction or 
the consumption of the energy of the moving body or moving current 
by the numerous eddies produced within both perfect and non-viscous 
fluids. Experimental anemometry takes also into account approximately 
the properties of the natural viscous gases and liquids and the effects 
of the shapes and roughness of the solids that enter into the apparatus. 
> (/) Discontinuity. — If the particles successively flowing past an ob- 
stacle have at any point always the same velocity and motion then the 
motion is said to be steady ; the paths pursued by the particles passing 
any point are the stream lines, and in steady motion these will be simi- 
lar and permanent. In steady motion the stream line is the same as the 
line of flow, which is a line whose tangent at any point of the fluid has 
a direction the same as the resultant of all pressures at that point. But 
if at any point in the fluid the internal pressure becomes negative and 
exceeds a certain limit (depending on the density, pressure, and cohe- 
sion of the fluid particles), then a rupture will take place and a surface 
of discontinuity will separate the fluid from a vacuous space; into this 
space, such as the dead space behind a body, other fluid may rush un- 
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der the hydrostatic pressure of the liquid and the atmosphere and eddies 
be formed. Such a rupture takes place when water under atmospheric 
pressure flows past an obstacle at a velocity of about 45 feet per sec- 
ond } for air, under the same circumstances, a partial diminution only 
takes place, but eddying motion still exists. For ellipsoidal bodies the 
stream lines are now known for ideal non-viscous fluids, whence those 
for ordinary fluids for spheres and plates may be determined as special 
cases, at least approximately. The discontinuous space behind a sphere 
is investigated by Sir William Thomson in the L. E. D., Phil. Mag., 
1886 and 1887. 

{g) Surface tension. — The assumptions that the pressure and density 
within a mass of liquid are uniform, and controlled by the exterior at- 
mospheric pressure, fail when surfaces of great curvature are consid- 
ered. For such cases the surface tension or capillary forces become the 
controlling feature, as shown in the phenomena of drops, jets, etc 
Vacuous regions of discontinuity, when once established by forces that 
overcome the cohesion of the liquid, are then at once bounded by a sur- 
face layer of the liquid, and this, by its high tension, strongly tends to 
contract to its smallest dimensions the discontinuous space within it; 
thus the surface tension becomes a new and very important force. For 
example, a small bubble of air within a mass of water is bounded by a 
surface layer of water, whose compression of the air within is such 
that the barometric pressure within the bubble is expressed by the 
formula 

where 

;^= tension due to a unit of water surface=8.4 nuUigrams for 1 

square millimeter of water surface. 
i£=the radius of the sphere in millimeters. 

Again, a falling jet of water, Aj striking a disk. By as in the accom- 
panying diagram (Fig. 54), divides into the hollow egg-shaped figure 
BDOj the enlargement to D and the contraction to being controlled 
by the surface tension of the thin layer of liquid. 

The viscosity of the surface layers of a liquid are also (at ordinal:^ 
temperatures) far greater than that within the mass of the fluid. 

(h) Compresaibility. — Fluids are divided into gases and liquids or com- 
pressible and incompressible, air and water being the respective types. 
For small velocities (i. 0., considerably less than the limit for discontinu- 
ity) the stream lines are sensibly the same for both classes of fluids, and 
the resistances also, after allowance, is made for the density. The com- 
pression of the air in front of an obstacle is very slight at ordinary 
velocities. Therefore as a first approximation, sufficiently correct for 
velocities under 30 miles an hour, the results of observations in air and 
water can be combined, the most important proviso being that in both 
cases the resisting obstacle shall be surrounded by the fluid to a dis- 
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tance many times the diameter of the obstacle itself, or practically to 
infinity. 

(i) Motion of solid versus motion of fluid, — With regard to the ques- 
tion as to the difference in the resistances experienced by moving a body 
through a motionless liquid, and by moving the liquid past the station- 
ary body, Langsdorf, in 1794, states in a general way that the pressure 
of a current must be greater than the resistance to a moving body, and 
that the problem of anemometry is to ascertain in these two cases the 
law of the pressure in the rear as depending on the inflow of the dis- 
placed fluid. But thus far, although the impression seems to prevail 
that there may be some reasons why pressures and resistances should 
differ, as observations seem to indicate, yet mathematical mechanicians 
have not expressed these impressions in definite form, and have gen- 
erally discussed the problems of hydro-mechanics under the assump- 
tion that it matters not which moves, the fluid or the body^ 

(&) Coefficient of resistance. — Poncelet and Unwin give the following 
^explanation of the fact that whether the liquid or the body moves in 
•either case the resistance is greater than that given by the Newtonian 
theorem. They assume the body to be in the center of a cylinder of 
liquid whose diameter is the same as that of the stream whose surface is 
not affected by the presence of the obstacle. Thus let A be the area of 
the section of the current represented by this cylinder, a the section of 
the obstacle; then the resistance will be a function of both a and 

A 

—=p. Let be the coefficient of contraction, namely, the ratio of the 
a 

area of the contracted section behind a to the full section a itself, then 
will the true resistance be expressed by the product of the Kewtonian 
resistance into the factor JBT, recognized by the earlier mechanicians and 
called the coefficient of resistance, where K will have values depend- 
ing on the shape of the obstacle, namely, for plane circular plates 



Mai^-') 



for circular cylinders 



-^[G-^)*G-0"G^-0] 

is approximately 0.85'or— =1.176. In accordance with experience 

this gives the pressure on a cylinder less than on a thin plate, but it ja 
best to determine K experimentally for each solid rather than to com- 
pute it by PoQcelct's formulae, since it is found that the formula does 
not fully represent the observed resistances. 

The above formula, bailed on the principle of living force, is an ex- 
tension of the ideas developed by Dubuat, who considered the total 
resistance of a plate surrounded by a moving fluid as due to the fact 
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that it experiences in the rear an average hydroBtatic pressure less than 
that existing when the flaid is not in motion, while in front it experi- 
ences a greater pressure. The general hydrostatic pressure of the fluid 
pushes the outside quiet water into the region of low pressure in the 
rear, and partly compensates but still leaves a deficit of hydrostatic 
pressure. By actual measures Dubuat determined the pressure pre- 
vailing in the front, and the deficiency or minus pressure existinfi: in the 
rear. The last he expressed by the fraction 0.433 of the Newtonian 
pressure, while the front pressure was unity. The sum of these gave him 
for the total pressure of a plate 1 foot square moving in water the coeffi- 
cient of resistance K=1.433'j similarly Morin found for water 2.18 and 
for air 1.36, from which Poncelet and Unwin conclude that 1.3 is a plau- 
sible value of K. When the plate is fixed and the water flows past the 
value seems to be larger, thus Mariotte in water finds £'=1.25, Dubuat 
in water finds £"=1.856, and Thibault in air £=1.834, from which 1.8 is 
adopted as plausible by Poncelet and Unwin. It is at present impos- 
sible to decide whether the differences in these numbers for moving 
plate and moving fluid, respectively, are errors of observations or repre- 
sent laws of nature, but as the observations on rectilinear motions are 
liable to considerable error, it may be fair to ascribe equal weight to 
each of the preceding six determinations of £, in which case the aver- 
age becomes for the moving body 1.66, but for the mo\ing fluid 1.65, 
whence £=1 .66, or i§ may be adopted as an approximate common factor 
for both cases. 

The six experimental values of this constant just quoted are based 
on rectilinear motions of the fluid and the obstacle. The observations 
made with circular motions that are frequently quoted in thin connec- 
tion apparently need a special correction for circular motion, such as 
makes it improper to use these in the preceding determination of the 
value of £. 

{I) Reduetion of the resistance for circular motion to that of rectiUn- 
ear. — As the rectilinear motion, whether of the air or the obstacle, is 
more difficult to obtain and regulate than the circular motion of the 
solid therefore by far the most attention has been given to the experi- 
mental testing of all forms of anemometers by mounting them upon a 
whirling-machine and giving them a rapid circular motion in still air. 
Similarly it has been attempted to determine the pressure of the wind 
against an obstacle by mounting the latter upon a whirling-machine; 
but the results of such experiments can not be rightly reduced until 
the theory of the action of the whirled body on the flaid is understood. 

The whirling-machine consists essentially of a long horizontal arm at- 
tached to a vertical axis; the plate or other resisting solid is carried by 
this arm and describes a circle of known radius at a uniform measured 
rate produced by the pressure of a known force upon the arm. The 
moment of this force must therefore be equal to the sum of the moments 
of the friction of the machine and the resistance of the air. After sub- 
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trading the moment of friction there remains the moment of the re- 
sistance of the air, and the remaining- problem is to determine the lever 
arm and thence the force of resistance, or the total pressure normal to 
the radial arm of the machine. As this normal pressure may, for the 
same resisting body, vary with the length of the radius of the circle 
described by it, it is necessary to repeat the determination with radii 
of various lengths, and derive thence experimentally some indication 
of the value proper for an infinite radius, t. 6., equivalent to rectilinear 
motion. Unfortuaately, although experimenters have varied consider- 
ably the sizes, shapes, and velocities of the solids experimented upon 
(Recknagel* gives results with radii of 1 and 2 meters and with recti- 
linear motions), yet no one person has varied the radii of the whirling- 
machines used in the same course of experiments in the air sufficiently 
to thoroughly elucidate this subject experimentally. Kor, on the other 
hand, is it possible to arrive at any conclusion by the comparison of the 
results obtained with diverse pieces of apparatus and methods of obser- 
vations, as will be seen by examining the discrepant results quoted here- 
after. 

The oscillations of a pendulum offer a case of circular but not uniform 
motion; the accurate observations of Dubuat afforded Duchemin a 
basis for the conclusion that the resistance to circular motion is a little 
greater than for straight motion, and that the excess increased the larger 
the surface and the smaller the radius. Hence Duchemin conceived 
that for a rotating body in uniform rotation there must also be a similar 
increase. His idea was that a rotating or oscillating body can not be 
accompanied in its motion by the same system of stream lines that would 
surround it if the body moved in a straight line since the centrifugal 
force duo to the rotation acts on the molecules composing those streams; 
the fluid at rest beyond the stream lines must then resist this action as 
communicated to them, and there results an additional pressure on the 
body and a greater resistance to circular than to a straight line motion. 
A jnore rigorous discussion by Stokes of the mutual reaction between 
water and spheres oscillating therein apparently gives a different ex- 
planation of the increased pressure observed by Dubuat and Duchemin, 
but as the latter states that he tested his formula by application to 
whirling experiments in the air, I give it here as an empirical and first 
attempt to reduce circular to rectilinear resistances. Duchemin finds 
that for a given linear velocity and a given form of body the resistance 
for circular motion is expressed by the following formula : 

i2'=B (1+1.624^) 

where 
B =the resistance for rectilinear motion at the velocity V. 
J2'=the resistance for circular motion when the center of figure of the 
largest section of the body has a linear velocity, V, 

'^ * Wicd. Ann., 1878, IV, p. 171. 

sia 87, PT 2 15 
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G9=tlie area of the greatest section of the body. 

J=the density of the liquid. 

f> =the coefficient of the resistance to straight-line motion of the 
body in still water, variously assumed at 1.3, 1.6, 1.8, and 
f6r which the preceding paragraph where this is designated 
by K has friven l.CC as the best available. 

y=tho linear velocity of the body in its circular path. 

/ =the distance of the center of figure of a? from the axis of rotation. 

8 =the distance of the center of figure of go from the center of grav- 
ity of that half of the section go that is on the side nearer 
the axis of rotation. 

^ =a linear quantity representing the thickness of the region in front 
of the body, within which the stream lines are so deviated 
as to be sensibly parallel to the front surface of the body. 

In general we may assume 

P=r,>^Go^m a 

where a=the angle of incidence of the air striking the front surface 
of the body at the front point of the axis. For a solid of revolution whose 
axis is in the direction of the motion 

I^^C sin a 

where is the diameter of the maximum section go. 

For a plane surface R^pGoAv^ by the Newtonian theorem, where 
/)=1.3 was assumed by Duchemin. 

lOl. BESILTS OF EXPERIMENT AND 0B8EBTATI0N. 

If, now, we pass from deductive considerations in a field of study that 
is confessedly the most difficult branch of mathematical mechanics, and 
collect together the results of actual observations on the resistance of 
the air, we may summarize them as follows : 

(A) Pressure of moving fluid on a stationary solid, — (1) Mariotte 
was the first to directly measure the pressure due to'the wind ; his de- 
termination of the velocity was probably by means of light objects 
floating in the air, but the details of his methods are not accessible to 
me. The ratio of the theoretical pressure to that given by his experi- 
ments is as 1 to 1.73, as quoted by Muncko and Weisbach, but as 1 lo 
1.75 as quoted by Langsdorf. According to Poncelet two observations 
by Mariotte on plates G inches square in a straight current of water, at 
velocities of from 1 to 4 feet per second, gave ir= 1.25. The accuracy of 
these resulting coefficients can not be very great, as the pressures and 
temperatures of the air are unknown and apparently were assumed to 
have their normal values. 
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(2) Experiments made by Woltmann between 1785 and 1790 at Ham- 
burg, in which the wind velocity was apparently measured by his newly- 
invented "hydrometrische fliigel" are quoted by Langsdorf and others 
as the most reliable of any results obtained up to that time. The best 
of these observations are selected by Langsdorf and reduced with an 
assumed density of the air equal to -^ of the density of water with the 
result that the coeflBcient K is 1.19 ; but the density of the air seems 
to have been a matter of assumption, and with a density of -^ Langs- 
dorf subsequently got ir=1.49, while Crelle in his reduction deduces 
1.34. 

(3) Dubuat, with a plate 1 Paris foot square, in a current of water at 
a velocity of 3 feet per second, deduces iC= 1.856; but this result is not 
from direct measures of the total pressure, but is attained by the sub- 
traction of the measured pressures positive on the front and negative 
on the rear of the plate. It is therefore not directly comparable with 
the results of other observers. But Dubuat did also make direct meas- 
ures of the pressure on this plate and found the same coefficient, thereby 
apparently' confirming the principles of the method by which his former 
value was obtained. 

(4) Thibault, 3826: The work of this observer is very highly praised 
for its accuracy by Morin, Poncelet, and others, but is known to me 
only by their quotations. Thin square plates 0.33 and 0.48 meters on a 
side were exposed to the wind; the wind velocity varied from 1.8 to 8.2 
meters per second ; the pressure was measured by a spring ; the result- 
ing value of K is 1.834. 

(5) Experiments were made by Paris, of which I can learn but little, 
but which are said to agree well with the preceding mean values. 

(6) Eesult: The discrepancies in the above figures are so great that 
it can not be affirmed that their evidence is strongly in favor of a value 
of K as large as 1.85, but the adoption of this value is recommended 
by Poncelet and indorsed by Unwin, with the proviso that more accu- 
rate experiments must be made; the value 1.86 is generally adopted 
by engineers in accordance with the usage of Weisbach in his Mechan- 
ics of Engineering and Construction. 

(B) Resistance of stationary fluid to a solid moving rectilinearly through 
it. — The resistance of the air to falling bodies and the resistance of 
water to objects drawn through it are the two ordinary and most con- 
venient methods of experimentation with straight-line motions. The 
following are the results of many investigations: 

(1) The resistance of the air to falling bodies was first experimented 
upon by Galileo. Since his time the most prominent investigators of 
falling bodies have been Mariotte, Newton, and Benzenberg (1802), but 
the accuracy of all such work, even on small falling spheres, scarcely 
suffices for anemometric problems. [See below (3) j.] 

(2) Observations with the ballistic pendulum give the momentum of 
balls shot against it from different distances, whence the energy lost by 
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the resistance of the interveniDg air may be compated. Tiius Bobins 
conclades that the resistance to an iron cannon-ball aboat 4^ inches in 
diameter, at a velocity of 25 feet per second, is not less than 0.5 oance. 
From similar observations Hntton concludes that for velocities under 
300 feet per second the resistance to a sphere is about 1.4 times that 
given by the Newtonian theorem. 

Similar observations have been repeated frequently in connection 
with gunnery, notably by Bashforth and Mayevski, but the results are 
not sufficiently accurate for use in anemometry. 

(3) Measurements of objects moving through water afford larger re- 
sistances, and the stillness of the water can be assured by observation 
of floating particles. Among the results of tiiis class of work are the 
following : 

(a) Bouguer, for a plate 1 (Paris) foot square ^t the rate of 1 (Paris) 
foot per second, finds the resistance in sea*water to be 23 ounces. 

(b) Da Borda, for a cube 1 foot on a side at 1 foot per second, finds 21 
ounces. 

(c) Ulloa, for a plate 1 English square foot in area at the rate of 2 feet 
per second, finds the resistance 244 ounces. 

(d) Buchanan, experimenting for the English Society for the Improve- 
ment of Naval Architecture, finds for a thin plate 1 foot square, moving 
with a velocity of 5 nautical miles per hour or 8.35 feet per second, the 
resistance 80.76 pounds avoirdupois. 

(e) The commission of the French Academy found that a plate 1 Paris 
foot square, drawn through water at 2.56 Paris feet per second, has a re- 
sistance 7.625 French livres. The same observers, for a rectangle 2 
feet by one-half a foot, at the rate of 3 Paris feet per second, found a 
resistance 14.45 French livres. 

(/) The Swedish commission of 1810-'15, for small spheres falling 
through water at small velocities, found the resistance as given by the 
following formula : 

i2=0.5 w«T- 

where 

£=the resistance in Swedish pounds. 

m=:the weight of a cubic foot of water =61 .46 Swedish pounds. 

g =the descent of a falling body in 1 second=16.534 Swedish feet or 
one-half the acceleration due to gravity. 

8 =the area of section in square feet (Swedish). 

V =the velocity per second in Swedish feet. 

(g) Nordmark: Observations on horizontal motions of bodies were 
made for this Swedish commission by Kordmark, who found for bodies 
sharp pointed at the front and rear the resistance equals 0.67 times the 
Newtonian resistance for the sectional area; for cylindrical bodies 
moving perpendicularly to the axis i2=0.907 times the Kewtonian re- 
sistance; for cubical bodies moving normal to front face 22=0.83 times 
the Kewtonian resistance. 
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{h) Dubuat, from observations ou a plate 1 French foot square in car- 
rents of water at velocities of 1 and 2 French feet per second, found a 
resistance equal to 1.433 times the Newtonian, but this, as in his pre- 
viously quoted work, is the result of separate measures on the front and 
rear of the plate, which, added together, gave the above coefficient. The 
difference between this and the coefficient 1.856, as given by Dubuat for 
this same plate when stationary in a current of water, has been the basis 
for extensive studies by several French physicists (see the Works of 
Thibault, Duchemin, Poncelet, and Morin). 

(i) Piobert, Morin, and Didion, in their joint work, found for thin 
vertical square plates from 0.03 to 0.25 meters on a side, and for ve- 
locities from to 5 meters per second, moving horizontally in shallow 
water, resistances that were closely proportional to the surfaces, and 
expressed by the formula 

J2=0.934 il+2.81 pAH 

where A is the surface, S=2S ^^ ^^® falling height, namely, the descent 

cinder the action of gravity necessary to attain the velocity F; jp=the 
weight of a unit volume of water. For any velocity over 0.5 meters 
per second this gives the coefficient ^=2.81. Eesistances in shallow 
water are very different from those within an indefinite extent of fluid 
owing to the work done in producing waves. 

(j) The same experimenters for thin square horizontal plates 0.5 to 
1.0 meters on a side, moving vertically in the air at velocities from to 
meters per second, found the resistance 

J2=(0.03+1.3574a')i)A 

where H and A have the same significance as before, but p is the 
weight of a unit volume of air; for a standard density of air at 760™™ 
and 1(P C. 1 cubic meter of air weighs 1.214 kilograms. This for- 
mula gives for the ratio of the observed to the Newtonian resistance 
i:=1.3574. 

{k) General result: Notwithstanding the above discrepancies the 
evidence is ia favor of the values of KsiS found by Dubuat (1.43), by 
Duchemin (1.254), and Didion (1.3574); Poncelet recommends the adop- 
tion of ^=1.30, with a proviso that a small correction for the size of 
the surface of the plate may still be found. In this recommendation 
Unwin coincides (see Encyc. Britannica, 9 ed., art. Hydro-mechanics, 
p. 517). 

( C) The reaistwice of motionless fluids to solids moving circularly. — Cir- 
cular motion is obtained by the whirling-machine and by the pendulum. 
The former was first used by Eobins, Schober, Bouse, and Smeatou, who 
have been followed by numerous others. The general results, as far as 
we need quote them, are as follows: 

(1) Eobins: The dimensions of his apparatus were, radius of arm, 
40,5 English inches; radius of circle described by the center of press- 
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ure, 51.75 English iDclies; the resistiu^r object, a very smooth hollow 
12-poun(l cannoQ'ball covered with paper, making a smooth sphere, 4.5 
inches in diameter. At a linear velocity of 25 leet per second in the air 
this ball experienced a resistance of 30 ounces ; the resistance increased 

« 

as the square of the velocity. 

(2) Vince: A plane circular disk, 0.927 square inch area, whose 
center describes a circle of 7.57 inches radius, experiences in water a 
resistance 1.4520 multiplied by the 2^ewtonian resistance. 

A hemisphere whose diameter is 1.1 and whose center describes a circle 
of radius G.22, the flat side being forward, gave in water ZiL= 1.5172. 
The same, flat side to the rear, gave 7i=0.G18C. 

(3) Coulomb: A sphere 59 lines in diameter described a circle of 
(unknown) small radius in water, and gave 

A=1240^,,^ 
1127 

A circular plate gave in water ^=2.75. 

(4) Da Borda (1763), as quoted by Poncelet: Three thin plates de- 
scribing a circle whose radius is 1.208 meters, with a velocity of from 3 
to 4 meters per second, gave the following (in which, however, the fric- 
tion of the machine and the density of the air are not allowed for): 

C 0.102 square meter ^ ( 1.30 

area of plate < 0.059 square meter > value of TT < 1.04 

( 0.02G square meter ) (1.39 

(5) Ilutton (1786) : Using the same machine experimented with by 
Robins : a circular plate whose diameter is 6^ inches and area two- 
ninths of a square foot or 0.011 square meter, describing a circle in 
the air whose radius is 52.7 inches for velocities up to 20 feet per sec- 
ond, gives 

1 'U^ 

^*^~r()57" • 

For a larger plate, whose area equals 0.021 square meter, ^=1.43. 

(6) House, as quoted by Smeaton, who gives no details excei)t that a 
whirling-machine was used, found the well-known formula for resist- 
ance of the air: jR=0.00492y- in pounds per square foot, v being given 
in miles per hour. This gives 

A=M2i=L85 
0.0027 

Smeaton himself gives only relative values for different forms of sails, 
which hardly apply to anemometry. 

(7) Edgeworth (1783) : Using a whirling-machine similar to that of 
Eobins ; the thin plates described circles whose radius was G.4 feet. He 
concluded that the shape and size of the plane plates both affected the 
resistance by reason of the stagnation ol' the air near the middle of the 
forward surAice. The meager numerical results given by him are all 
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for the velocity 10 feet per second or about 7 miles per hour, and for a 
nearly uniform radius of circle. He states that for a square plate 16 
inches area ii!=2.50 ounces i)er square inch, and lor a square plate of 
64 inches area i^=3.47 ounces per square inch. 

(8) I3eaufoy,.both for himself and subsequently for the Society for 
the Improvement of Xaval Architecture, used a whirling-machine, and 
for a plate whirled in air of 1 square foot area and at a velocity of 6 feet 
per second, found 

XT- 40.382 1 1 »* J 

J4.y i 5 

For a larger i)late, whose size is not given, he found £"=1.225. 

(9) Renuie (1831) used Smeaton's form of whirling-machine revolving 
in air, but with very short arms, viz, about 8 inches, and always with 
two similar objects at the extremities of the radii, so that each was to a 
certain extent in the wake of the other. For his highest velocities he 
obtained the following : 



Object. 


Area of sectioD. 


Velocity per 
second. 


Circular disk ... 

Sqaarodisk 

Wooden ball.... 


lOJ inched in diameter . . 
0x9 inches each side. . . . 
10| inches in diameter . . 


Feet. 

27.5 
22.9 
11.4 



From this he concludes that the mean resistances of circular plates, 
square plates, and globes in the air are to each other as the numbers 
25.180, 22.010, and 10.627. 

(10) Prechtel : For a flat square plate of paper rotating around one 
edge as an axis Prechtel finds 22=3.7931 HAq for velocities from 2 to 
10 feet per second, where 



H= 






A=area of the plate. 
(]f=weight of a cubic foot of air. 

This formula gives 7ir=the observed divided by the theoretical press- 
ure=1.896. 

'(11) Hagen, Keclmasel, Schellbach: The exact measures published 
by these physicists will be discussed in the next sections (102 and 103). 
(D) Resistance to pendulous oscillations in air and water. — Pendulums 
allowed to vibrate in the air move more slowly than in a vacuum. Bod- 
ies of the same size but diflerent densities also show different effects. 
These i)henomena would afford a very accurate means of determining 
the resistance of the air were it not for analytical difficulties in deter- 
mining the effect of the varying action of the pendulum during each 
oscillation. Borda concluded, from the observations accessible to him, 
that the resistance of the air was approximately JK=1.86 Av'^ or J5r=1.86. 
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Stokes (1851) showed that the pendalum and vibration experiments 
of Baily, Bessel, Coalomb, Dubaat, and Sabine agree with his analysis, 
in which the old impact theory is replaced by a more uatnral one involv- 
ing the mntual reaction of the solid and the flnid. He showed that the 
resistance to a moving body immersed in a fluid, whethe'r of definite or 
indeflnite extent, is composed of two parts: (a) That due to viscosity, 
and which varies with the velocity; (h) that due to whirling motions, 
and varying with the square of the velocity and the boundaries of the 
flnid ; (e) he also showed that for motions so slow that no whirls or dis- 
continuous motions or vacuous spaces are produced. The second form 
of resistance is zero, but the first remains appreciable. For such &]ow 
rectilinear motions of a sphere in an indefinite fluid that does not slip 
on the sphere Stokes finds the resistance to be 

(See On the Effect of Internal Friction, etc., equation 126, Cambridge 
Phil. Trans., Vol. X) ; the notation is 7r=3.141C; 

/^'=^=coefflcient of viscosity of fluid divided by its density, or that 
P 
w^hich Stokes calls "index of friction" and which Maxwell calls "kine- 
matic measure of viscosity;" a=radius oi sphere; F=linear velocity 
of relative motion of sphere and fluid. 

Stokes deduces the value of jj,' from the above-mentioned pendulum 
experiments and finds it to bo (0.0564)* for water and (0.116)' for air 
where the units are seconds and English inches, and these results he 
converts into (0.05291)* and (0.1088)*, respectively, when the units are 
seconds and Paris inches. The better methods of determining the vis- 
cosity that have been used by Maxwell, Meyer, Helmholtz, Holman, 
Barns, and others have given values about one-half the above. 

Stokes's formula shows that for the slow motion of a sphere the re- 
sistance increases directly as the product of the diameter by the veloc- 
ity. This formula for resistance applies to vibrations only when the 
angle of oscillation is small and the path nearly a straight line; it does 
not apply rigorously to spheres revolving throughout a whole circle 
even at low velocities (see Stokes, section 9), even if the sphere be so 
mounted as to have no rotation around its own axis. The problem 
rigorously solved by him was the periodic oscillation of the sphere along 
a right line. 

Stokes also showed from the above formula that when a sphere falling 
in the air under its own weight attains its maximum and ultimately per- 
manent velocity, where the resistance must equal the weight, and pro- 
vided the velocity be so small as to comply with the above conditions, 
it can then be computed by the formula 



"-=$. C--0«'=¥"-'" 
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where ^=gravitatioD, or 386 inches per second. 
(Tsrthe density of the sphere. 
p=the density of the fluid. 

Computation thus shows that for small globules of water at small 
velocities the viscous resistance of the air is far larger than the impact 
resistance as computed by the old Newtonian theorem. Thus, for glob- 
ules of water 0.001 inch diameter in air and Stokes's value of /^', adopt- 
ing a==l and p=0.001, at the height of ordinary clouds we have viscous 
re8istance= weight when F=1.593 inches per second. Whence New- 
tonian impact resistance=xi-o of weight when F= 1.693 "inches per sec- 
ond; impact resistance = whole weight when F=32.07 inches per second 
(see Stokes, etc., section 43). 

[The resistance of air to slow vibrations and motions of fair bodies 
has been of late years discussed mostly with a view to determine the 
viscosity coefficient (see the memoirs by Stokes, Meyer, Lambe, Helm- 
holtz, Pietrowski, Maxwell, Brauu, Kurz, Topler, Boedeker, Kirchhoff, 
Freiburg, Auerbach, Froude, etc.] 

lOa. 0B8EB¥ATI0\S BT THIBAULT, HAGEX, AND BE0KNA6EL. 

The best observations of the normal pressure experienced by the 
total surface of flat plates in uniform circular motion, and moving so 
rapidly that viscous and skin friction are small compared with fluid 
friction as above defined, are those made by Thibault in 1828, by £eck- 
uagel in 1880, and by Hagen in 1874, and these merit being given in 
detail. 

A careful study of the pressure at the center of the front of a x^lane 
plate and at the apex of a solid of revolution whirled in still air is pub- 
lished by Recknagel (see Wiedemann Annalen, 1880, X, p. 677, etc.). 
He shows that Pi, the static pressure in the air at the central spot, is 






or for low velocities 



P,=P+±mto 



2 
where 



P=the pressure in the surrounding still air in kilograms per square 
meter. 

w=--=mass of a cubic meter of air at density «o=1.293 at 0° C. 

ry=velocity of air relative to that of the central point. 
/:?=1.41=ratio of specific heats for constant pressure and volume 
whence 

/g-l_2 

/i 7 
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In the experimeDtal coulirmatioii of this foroiuhi Reckuagel adopts 
the amount of motion or "mit-wind'' communicated to the surrounding 
air by the whirling-i>late to be 5 i)er cent, of the absolute velocity of the 
plate r, so that t?o=0.9.")W when the radius of whirl is 2 meters. This 
is determined directly for a delicate Robinson anemometer, whence it 
is inferred for his experimental plates. The jnessure evidently dimin- 
ishes as one proceeds from the center towards the edfje of the plate, 
and, although the law of diminution is not determined by Kecknagel. 
vet the above confirmation of an obscure law of motion of fluids is verv 
acceptable. Tile pressure in front of the plate and the mit -wind do 
not sensibly vary with plates of zinc, brass, and wood, as in all cases 
a thin layer of air evidently adheres to the plate over which the re- 
maining air slides. The convex side of a hemispherical cup, moving for- 
ward at a true velocity of r=9.42 meters per second, gave ro=0.19 or 
a mit wind of 0.23, while the concave side forward for 1^=9.42 gave 
^0=9.09 or a mit wii\d of 0.33. 

Thibault experimented with thin plane plates moving in a direction 
normal to the surface by a circular motion. The radius of the circle 
described by the center of figure was 1.37 meters ; the velocities varied 
between 0.5 and 11.0 meters per second. The coefficients deduced by 
him are quoted as follows from Poncelet ; 

Square plate: Area, 0-02G square meter 71=1.525 

Square plate: xVrea, 0.10304 square meter ^=1.784 

Rectangular plate: Area, 0.10304, long side radial . . . ir= 1.900 

Rectangular i>late: Area, 0.10304, short side radial . . . 71=1.077 

Square plate : Area, 0.323 x 0.323 ; radius of the center, 1.370 7l=1.784 

Square plate: Area, 0.227 x 0.227 ; radius of the center, 0.966 ff =1.784 

Square plate: Area, 0.161x0.161 ; radius of the center, 0.685 ir=1.784 

The preceding observations indicate that for plates moving circularly 
the resistance per unit area may increase with the extent of the surface; 
but the following more extended observations by Hagen give the fullest 
information at present available. 

Hagen, in the Berlin Academy Mathematische Abhandlungen, 1874, 
has published in full his determination of the pressures against thin 
plates moving circularly. The following table gives the shape and 
dimensions of the disks, the velocities and resistances reduced to a stand- 
ard density of the air. The corrections for the friction of the apparatus 
and the standard density were applied by Hagen. The rearrangement 
for the present study is, however, new. The measures are all expressed 
in the units actually employed by Hagen, namely : Rhenish inches, of 
which 1 equals 1.0207217 English inches=26.15446 millimeters; old 
Prussian loths, of which 32=1 Prussian pound =1.031236 pounds avoir- 
dupois=467.7 grams. The standard density of the air is that for a press- 
ure of 28 Paris inches of mercury at Oo R. under gravity at Berlin, and 
for a temperature of 12^ Reaumur. These correspond to 758.6"»™ mer- 
cury at standard gravity and to 12.75^ C, respectivelv. 
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Tabim I. — Original results of ohservaiions by Hagen of remsiance of the air to circular 

motion. 



r 



DimenBiotis of apparatus. 



Shape. 



Hadii of circular disks . 

Sides of sqoaro disks . ~ 

Equilateral triangle 

Sqnaro disk 

Long rectangle 



Dimen- 
sions. 



Kadii of rotation. 



Areas of 

disks, 

F 



For center 
I of surface, 

I A 



Inehet. 
1.25 
1.745 
2.245 
2.75 
3.25 
2 
3 
4 
5 
6 

7.6 
5 

1X16 



Sq. inches. 

4.909 I 

9.566 
15.634 I 
23. 758 [ 
33. 182 I 

4 


16 
25 
36 
25 
25 
16 



Inches. 
07.25 
97. 745 
98. 245 
98.75 
90.25 
97 
97.5 
98 
98.5 
99 
98.2 
98.5 
96.5 



For center 

of pressure, 

K 



Inches. 
97. 252 
97.754 
98.256 
98. 7G0 
99.260 
97. 002 
97.505 
98. 008 
9&512 
99.015 
98. 204 
98. 512 
06.5 



First determination. 



Second determination. 



Shape. 



I Time for 

I driving 

Tveipht to 

fall 1 inch, 

t 



Kadii of circular disks 



Sides of square disks . . . 



Equilatiaral triangle 

Square disk 

[ Long rectangle 



Seconds. 
1.994 
1.090 
2.035 
2.210 I 
2.435 , 
1.835 ' 
1.965 
2.080 
2.290 
2.545 
2.12 



Corre- 
sponding 

resist- 
ance, " re- 
duced r." 



LotJiS. 

18. 791 

38.463 

GG. 165 

101. 095 

149. 942 

15. 007 

35. 8' 

C7. 053 

106. 455 

ICO. 522 



Resistance 

for unit area 

at unit 

velocity, 

K 



Loths. 

0. 0000022700 
1.'3470 
24028 
24810 
25199 

0. 0000023317 
23472 
24281 
24328 
25055 

0. 0000025026 



2.08 



G6.G5 ,0.0000025286 



t 


" Re- 
duced r." 


Sec'ds. 


Loths. 


1.91 


ia932 


1.87 


38.576 


2. 045 


66. 575 


2.235 


103. 221 


2.44 


149. 683 


1.835 


15. 704 


1.985 


35. 098 


2.070 


67. 524 


2.290 


107. 493 


2.520 


160. 378 


2.10 
1.87 




66.373 



Approx- 
^ i mating 
'linear ve- 
locities. 



Loths. 

0. 0000022894 
23549 
24176 
24602 
25154 

0. 0000023461 
23505 
24452 
24574 
25032 



0. 0000024491 
0.0000025178 



Inchesper 
second. 

G5 

61 

58 

54 

50 

65 

56 

57 

54 

50 

58 

58 

60 



Note.— Tho linear velocities C, with which the center of pressure moved through the air, can he ex- 
actly found, if desired, from the expression 

0.8 1705 xe 

They were approximately as given in the last column. 

Hagen fiuds that these 20 values of iTcau be represented, with a prol> 
able error of i 0.000 000 252, by the expression 

7f =0.000 002 263 9+0.000 000 009 41Gi> 

where p is the circamferenee of the disk in inches; hence he concludes 
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that for tlie conditions of liis experiments and for his standard density 
of air the pressure against a plane disk moving circnlarly at low veloci- 
ties, keeping its surface normal to the quiet air, is represented by the 
following equations, which are given in various systems of units on 
account of the frequent reference that is made to them : 

For air of Hagen's standard density the resistance in Prussian loths 
per square Bhenish inch for velocities in Bhenish inches per second is 



2.264-f0.00942 jp 
] 000 000 



Fe' 



For air of Hagen's standard density the resistance in grams per square 
decimeter for velocities in decimeters per second is 

(0.00707+0.0001125p)J?V 

For air of Hagen's standard density the resistance in pounds avoirdu- 
pois per square English foot for velocities in English miles per hour is 

(0.0028934+0.0001403i?)-FV 

The Newtonian theorem would give for a disk whose area is 1 square 
Bhenish inch the resistance =0.000 001992 loths; the ratio of this to 

^ . ^ 2.264 . ^ ^ .. .. ^ . ^ 

the coefficient t oQoooy i^ the above equation therefore gives for a unit 

velocity JSl=1.13654; but if we allow for the perimeter of the plate 
this is enlarged by the ratio of the second term in the numerator of the 
above equation ; for a square plate of 1 inch the ratio becomes £"=1.16. 
Therefore for circular motion the factor K is smaller than those for rec- 
tilinear motion instead of being larger, as Duchemin expected. 
The following are the values of K thus computed for square plates : 



Sides of 
sqaare plates. 


Kewton 


Rhenith inehet. 




1 


1.355 


2 


.174 


3 


.103 


4 


.2]2 


5 


.231 


6 


.250 


7 


.268 


8 


.287 


9 


.306 


10 


1.325 



Assuming Duchemiu's value to be jK'=1.3, although this is too large for 
very small plates, and introducing it into Duchemiu's formula* as already 
given, we thereby reduce Hagen's results for circular motion on the 

* See d 225, paragraph {l), page 225. 
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whirliDg-machine to an approximate valae for the resistances to recti- 
linear motion. The numerical processes are indicated in fall in the fol- 
lowing table where Dnchemin's notation is adopted from pages 22^226: 

Table II. 

BeBisiance to rdctiUnear motion deduced by Duchemin'a formula from Hagen'a 6b8€rvation9 

on circular motion. 



Disk. 


/ 


• 


fi=kVZ 


/-• 




P /-« 


Shape. 


Size. 


Cirdes : 


Inehet. 


Inehet. 


2ns, 


Inches. 


Ins, 






SadlQB .. 


1.25 


07.25 


0.42 


1.25 


96.8 


0.018 


.016 




1.745 


97.745 


0.68 


1.745 


07.1 


0.018 


.022 




2.245 


08.215 


0.74 


2.245 


07.5 


.024 


.030 




2.75 


08.75 


0.92 


2.75 


07.8 


.020 


.036 




3.25 


09.4 


1.08 


3.25 


08.3 


.033 


.041 


SqoAres: 
















Sides.... 


2 


97. 


0.5 


1 


06.8 


0.012 


.016 






07.6 


0.76 


1.5 


06.8 


.016 


.020 


* 




98. 


LO 


2 


07.0 


.020 


.027 






9&5 


L25 


2.6 


07.2 


.026 


.033 






99. 


1.5 


3 


07.5 


.031 


.040 


Triangle: 
















Side 


7.6 


08.2 


2.53 


2.5 


05.7 


.030 


.049 


Square: 










• 






Side 




98.5 


1.2 


2 


07.3 


.021 


.027 


Bectangle: 
















Side 


1X16 


96.5 


a25 


0.5 


06.2 


.005 


.006 


Disk. 




Hagen 


*s ohserred K or B', 


Dachemin 














Shape 


Size. 


First » 


sries. 


Second series 


. MeanTalne. 


l+« 


Circles: 


Inches. 


LoO 


is. 


Loths. 


Loths, 


Lolhs. 


Radios .. 


1.25 


0.0000 


02270 


0.000002280 


0.000602280 


0.00000225 




1.745 




2348 


2355 


2352 


233 




2.245 




2403 


2418 


2410 


234 




2.75 




2481 


2460 


2470 


230 




8.25 




2520 


2515 


2618 


242 


Squares: 














Sides 


2 




2332 


2346 


2339 


231 




3 




2347 


2360 


2354 


231 




4 




2428 


2445 


2436 


237 




5 




2434 


2457 


2446 


236 




6 




2500 


2503 


2504 


240 


Triangle: 














Side 

Square: 


7.6 




2503 




2503 


238 




Side 


4 






2449 


2440 


239 


Rectangle : 














Side 


1X16 




2529 


2518 


2524 


251 
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These figures illustrate the small amount of reduction, according to 
Duc^emin'e formula 



B'=b(h-1.C24^-^) 



needed in order to pass from W (or the resistance per nnit area per unit 

velocity for a plate revolving on a whirling table in still air) to R (or 

the resistance that would have been observed had the plate moved in 

a straight line). The further reduction from a plate moving in a straight 

line to a i-ectilinear wind moving against a still plate is approximately 

given according to the previous section (fc§100) by multiplying R by the 

1 8 
factor >^=1.4, if we follow Poncelet and Unwin, but which factor is 

more nearly 1.00 if our general view of the subject in that section is cor- 
rect. 

The comparison of the computed coefficients 22 for rectilinear motion 
in the last column shows that for the circular and square plates, re- 
spectively, the rate of increase of the pressure per unit of area still 
varies with the size and the perimeter of the plate, as in the case of the 
R* for circular motion, although the amount of its increase is reduced 
by nearly one-half. Hagen's observations seem to bo sufficiently ac- 
curate to show that the empirical formula deduced by him for the pur- 
pose of representing his observed R' really represents in its form some 
law of nature, and may be due, as he seems to suggest in other writ- 
ings, to the fact that the viscosity, whose effect is large in the motion 
of water in pipes and channels, has a similar effect in the flow of the 
air around obstacles ; but the reduction to rectilinear motion reduces 
this coefficient for the effect of viscosity on these plates to about 0.6 of 
the value given by Hagen. The numerical accuracy of this coefficient 
depends also upon the value adopted for the coefficient py for which 1.3 
would appear to be the maximum allowable. The steady increase of 
R* is I think due to fluid friction quite as much as to viscous resistance. 

103. OBSEBTAnONS BT SCHELLBACH AND THIE8EX. 

The most recent attempts at accurate measures of resistance by means 
of a whirling-machine are those of Schellbach and his pupils. Tlie pre- 
liminary portion of this work has been published by Thiesen (Wiede- 
mann, Annalen, 1885, Vol. XXVI), who therein confines his attention 
to observations made on the long rods used to carry the spheres and 
globes and plane disks. The result given by Thiesen is that for a long 
thin cylindrical rod whose axis lies radially in the plane of the circle 
described by it, the resistance is expressed by the following formula : 

}t=37AT7vL+0.3912€V^dL+0.0OO 009 O^jv^tPL 

where the units are centimeters, grams, and seconds, and the notation is 
d[=diameter of the cylindrical rod. 
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L=%\\ei length of tbe cyliudrical rod. 

t?=linear velocity of the center of the rod. 

£=standard density of the air or the weight of 1 cubic centimeter, 

which is assumed at 0.001:200 grams. 
7/=the coefficient of viscosity of the air=0.000190. 
In regard to these results, and, indeed, as bearing on the whole sub- 
ject of the resistance of the air, the following excellent remarks are 
made by Thiesen. 

The prevalent views as to the laws, according to which the hydro-dynamic resist- 
ance depends npon the velocity and the dimensions of tbe moving body, can be 
summarized as follows : For very small velocities and very small dimensions of the 
body tbe frictional [t. e., internal friction or viscosity] forces alone play an important 
part ; therefore one can omit the terms in tbe hydro-dynamic equations that are pro- 
portional to the square of tbe velocity, and tbe resistance thus becomes directly 
proportional to the velocity and to the linear dimensions of the body. On tbe other 
hand, if for a given incompressible fluid the velocities and dimensions exceed certain 
limits, then tbe influence of friction becomes negligible, and the resistance is pro- 
portional to tbe square of the velocities and of the dimensions. In this case the 
terms that are multiplied by the coefficient of friction can beomitted from tbe hydro- 
<lynamic equations. Therefore, for ordinary velocities one would expect to assume 
that the resistance is made up approximately of terms that depend upon tho fricton 
4ilone and of those that are independent of it. 

But, examining this matter more closely, these views rest upon erroneous reason- 
ing. Of course, for great velocities the terms in the equations of motion that arise 
from friction are of less importance, but only in so far as the change in the condi- 
tions of motion in a given time depending upon them is slight. In the determination 
of tbe hydro-dynamic resistance in its ordinary narrower meaning the changes in 
tbe conditions of motion arc not at all considered, but only tbe character of the mo- 
tion, since it is assumed that the juotion has become steady and stationary. But the 
character can depend very materially upon any existing friction, no matter how 
oligbt that maybe; the difference between fluids of small and large friction will 
consist only in that the stationary conditions occur sooner for the latter than for the 
former. Therefore the conclusions that have been drawn from tbe hydro-dynamic 
equations after simultaneously omitting the terms depending on the time and the 
friction are not conformable with experience. 

Tbe foregoing considerations were suggested by tbe results of the experiments by 
Schellbach and his student, Hoyne, according to which for large velocities the re- 
sistance of cylindrical rods increased faster than the square of the velocity. This 
could not be attributed to the compressibility of the air, since tbe discussion of older 
experiments showed that for water also the resistance increases sensibly faster than 
4toe square of the velocities and dimensions. On the oth^r band, the experiments and 
their reductions appeared not sufficiently free from criticism to suffice of themselves 
to overturn a law that had apparently stood firm since Newtou^s time, and which is 
confirmed by the rigid theory based on the hydro-dynamic equations since Helmholtz, 
by tho introduction of the idea of discontinuous fluid motion, had removed the previ- 
ous paradoxical laws for the hydro-dynamic resistance. The Jcnowledge of the theo- 
retical law is desirable for the more accurate deduction of the results of the experi- 
ments, since my preliminary approximate development by powers does not converge 
sufficiently. I have, therefore, for a long time endeavored to find a theoretical solu- 
tion of the problem of tbe hydro-dynamic resistance, but have arrived at no valuable 
results, and have concluded to communicate the results of the experiments on the re- 
sistance of cylindrical rods substantially in the same form as they were in my hands 
four 5'ears ago (see Wiedemann's Annalen, 1885, Vol. XXVI, p. 309). 



240 REPORT OF THE CHIEF SIGNAL OFFICER. 

The geneml conclusioa is, therefore, that no general hydro-dynamic 
equations are at present available for the desired conversion of direct 
observations of wind pressure into wind velocities, and that a special 
study and experiment must be applied to each of the four types of in- 
struments described in the first four sections of this chapter. Their 
consideration from this point of view is now to be again taken up. 

104. BEDUCTIOXS FOB PENDULCM ANEMOMETEBS. 

(a) Tlw peyidulotis sphere of Parrot — This was first studied by Parrot 
himself (see Yoigt's Magazine, Yol. 1, 1797) in order to derive the velocity 
of the wind from the indications of his instrument. As quoted by 
Laughton and by Muncke it would seem that Parrot concluded that 
the pressure on the front face of the sphere is approximately equal to 
one-half that given by the Newtonian theorem for the area of a central 
section of a sphere. 

On the other hand the experiments of Newton, Borda, and Hutton 
show that the resistance of a sphere that is not too (small, moving in 
still air, is two-fifths the measured resistance of a circumscribed cylin- 
der whose axis is parallel to the motion, or 

125 

where d=the density of the air, r=the velocity, and (i7=the area of the 
section. With this we have to combine the equation that expresses the 
fact that the vertical component of the resistance balances the weight 
of the pendulous sphere, or 12=ir sec 6", where 6 is the angle between the 
vertical and the rod that supports the sphere. Therefore the final 
equation for velocity becomes 



-^ 



w sec d 
125 



{b) The pendulou>8 circular plate of Schmidt — For this form of pressure 
anemometer Schmidt computed a table of wind velocities corresponding 
to different angles of deviation from the vertical by assuming^ sin tp^s 
cos^ g)j where p is the weight of the plate, <p the angle of its deviation 
from the vertical, and s the pressure thereon, when 9>=0, that is, when 
normal to the wind. As is stated in the theory of the wind vane, sec- 
tion 84, the pressure of a fluid on an inclined plane is not 8 cos^ ^, but 
is much more nearly equal to the first power of the cosine of the angle of 
deviation from the normal than to its square, so that Schmidt's theory 
and his resulting velocities were appreciably in error. 

(c) Wild?8 penduUyus rectangle — Theory of Wildes tablet anemometer. — 
This anemometer has been studied experimentally and theoretically by 
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Dobrandt and Thiesen (Wild, Repertorium, Vols. IV, Nos. 5 and 9), 
whose results may be presented as follows : 
Let e=the distance of the center of pressure from the middle of 
the plate. 
c=distance of the axis from the middle of the plate. 
«=distance of the center of gravity from the middle of the plate. 
c~«=distance of center of gravity from the axis. 
G=the weight of the plate. 

i^=the resultant wind pressnre normal to the plate. 
^=the angle of the plate from the perpendicular. 
For a condition of equilibrium the moments of the forces about the 
axis must vanish ; whence we have the equation 

N{c^e)=0(C'~8) sin (p (1) 

The quantities JTand e are dependent upon the velocity Fof the wind, 
the density of the air d, upon the size and form of the plate, and upon 
the angle (p, and may be represented by 



N=:d . V^ab . 



^(f<^) (2) 



where a and h are the length and breadth of the plate, and F and /i 
functions depending on the shape of the plate and on the angle </>. 

We may place F fjy(p\=F{0) coBg)f(<p), where ^(0) is the value of 

F when <p=0, and must be found by experiment. 
From (1) and (2) 

X. TT* G . (o— «) sin o) .-. J, , ^ 

6. P= 5^ '- f =Aatany/3(y) 

a . b . F{0) cos g) . /{cp) . c^afx ( i-i 9> ) 
where 

In order to determine /2((^) experiments with tablets placed on a whirl- 
ing-machine were made in 1873 by M. Dohrandt, at the central physical 
observatory in St. Petersburg, with the result that f%{(p) was found to 
be constant for the first approximation and equal to unity. 

In 1875 these experiments were continued with greater accuracy in 
order to obtain a more precise determination. 

For the case in which b is very large with respect to a, as in the blade 
of an oar, Thiesen states that he finds that the hydro-dynamic equa- 
tions developed by Kirchhofff see alsoEayleigb; Phil. Mag., Dec, 1876 
sm 87, PT 2 16 
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make the resultant pressare dae to purely fluid friction in non-viscous 
fluids become 

N=6V' a b F(0) cos<pf((p)=p4^^-^^ 

\ / yj \y/ 4+;rcos^ 

and the distance of the center of pressure from the center of the plate is 



V* y 4+;r cos (p 



Dohrandt's observations were then reduced by Dr.Thiesen under the 
assumption that an equation of the same form as this, with generalized 
coefficients, will also satisfy the observations in the case of square plates 
or rectangles of other proportions. Whence 

1 _ 1 /^i«® ps\n<p \ 
/2(9?)""i+w» cos (p\ c ' 1+n coH (pj 

and the normal pressure on the plate is 

2 cos g) 



N=P 



l+mcos 



a y / a p ^m <p \ 
iOS<p\ ""c l+ncos (pj 



For the undetermined coefficients Dohrandt's observations gave the 
values 

m=l n=l |>r=:0.31 

and the resulting formula for the wind velocity for any angle tp of the 
plate is 



J / 1 + COS (p 

If the axis is very close to the upper edge of the plate then we may 
place 0=0-) £^nd the equation may be written 



^=^y tan cp . \j 



A- .,^:^_ ^ I ««*'f 



^* * ^ 1-0.62 tan? 



where 



=^123. 7 



Q 

ab 

for Wild's anemometer. 

These results, obtained from the experiments of Dohrandt, can now be 
compared directly with similar experiments maile by Hutton, Thibanit, 
and others on the pressure upon planes moving obliquely in air. Duche- 
min summarizes the work done by these experimenters and finds that 
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according to them the normal pressure upon a plane moving obliqaely 
and circnlarly in a flnid may be well represented by the empirical for- 
mula 

jy-_ p2C0S <p 
1+COS^ q} 

where P is the pressure on a plate normal to the direction of motion. 

The ibllowing table gives the values for each 10^ of the three for- 
mulsB given by Thiesen, Duchemin^ Bayleigh^and Eirchboff: 



Authority. 



Thieaen ... 
Dacbemin . . 
Rayleigh . . . 



2C(M0 



0.62 sin ^^ 



> / o.pzsin 9\ I 

2C08 > 

1+ 006*05 

( 4-f y) 0080 
4+ir CO8 



I 



80 


70 


60 


50 


40 


30 


20 





.142 


.288 


.428 


.557 


.672 


.774 


.863 


I 


.337 


.612 


.800 


.910 


.965 


.990 




1 


.273 


.481 


.641 


.762 


.854 


.918 


.965 


1 



These results show wide discordances. 

The experiments of Button and Thibault, which are fairly represented 
by Duchemin's formula, give for <p=60o nearly twice, and for 9?=: TCP 
over twice the pressure given by the formula of Thieseu. It would 
8Pem desirable, therefore, that the results of experiuients upon oblique 
plates by different methods should show a closer agreement before any 
one of these formula can be accepted. The formula of Bayleigh agrees 
closely, as he shows, with Yince's experiments on plates whirled in wa- 
ter, although it was deduced for the case of rectilinear motion of long 
blades in non-viscous fluid. 

In addition to this disagreement in experimental work the application 
of Thiesen's formula to Wild's anemometer involves the assumption that 
the pressure upon a fixed plate in a fluid current is the same as that 
upon a plate moving circularly with the same velocity in the fluid at 
rest. The coefScients of Tbiesen are derived from experiments in the 
latter case, but the resulting table is applied to pressures that obtain 
for the former case. Experiments by Dubuat and Duchemin indicate 
that fgr the two cases there is a difference in the amount of the dimin- 
ntion of pressure behind the plate, and the latter gives the following 
formula for the resistance R' of a fixed oblique plane to a fluid current, 
R being the resistance to a normal plane (see page 225, and Duchemin, 
section 84) : 

j^,_^T> 2 cos (p /•i_ sin 0CO8 <y> , sin^ (p \ 
' 1+ COS* (p\ 6.48 "^ 'SWj 

This formula presents a very satisfactory agreement with the observa- 
tions of Thibault on the normal resistance of a plane surface exposed 
at different angles of incidence to the pressure of the wind. A maxi- 
mum pressure is exhibited at an angle of about 45°, in which position 
the pressure is slightly greater than when the plate is normal to the 
current. This apparently anomalous result is explained and supported 
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by a consideration of the diminution of pressure behind the plate, thus 
the experiments on the diminution of pressure in tubes (see Chapter 
XVI, section 111) made in 1848 at Boston and in 1842 at Philadelphia, 
show that when the tubes are at angles of 30^, 45^, and 6(P to the cur- 
rent, the suction within them is greater than when normal or parallel 
and is a maximum between 30^ and 45^. 

[Note.— Since writing the above I have obtained the measures poblisfaed in the 
Annual Report for 1871 of the London Aeronautioal Society, as made by Messrs. Wen- 
ham and Browning on the horizontal and vertical components of the resistance of 
plane plates to a horizontal blast. The blast was from a horizontal pipe 18 inches 
square, and the plates were so large that the conditions are not those of a small plate 
in an indefinite flnid ; the observations were too few to give very valuable results, 
and the foUowing extract gives whatever is most nearly comparable with Theisen's 
work. 

A thin rectangular plate, 4.S25 inches wide and 18 inches long, was supported at the 
centers of the long sides so that the axis of rotation and support passing through 
these centers should be horizontal, while the longer central axis of the plate was in- 
clined 0<> to the blast and lay in a vertical plane through the horizontal axis of the 
air blast, which latter was driven under a pressure of 0.6 inch of water. 

Ohserwd pressure in pounds. 



Component. 


• -150 


20O 


46° 


80O 


90O 


Vertical 

Horizontal 


0.8 
0.24 


1.8 
0.48 


1.S5 
1.65 


1.8 
8.1 


0.0 

2.67 



The plate was evidently not supported at the center of pressure, since there was 
always a tendency to lift the front edge. / 

The location of the center of pressure has been elaborately investigated by £. 
Rummer (Memoirs of the Berlin Academy, ISTS-T?), who shows that it is always in 
front of the geometrical center of fignre, owing to the manner in which the air flow- 
ing around strikes on the back of the plate. — August, 1888.] 

Thiesen's formula for the action of the tablet anemometer contains 
the factor A, which depends on J^(0), or on the pressure per square unit 
of area on a plate normal to the wind. For the value of F{0) Thiesen 
adopts the result obtained by Hagen in experiments with normal plates 
on a whirling-machine (see page 236) 

_7.07+0.0225(a+6) 



F(0): 



1000 



a and h are in centimeters and jP(0) is the pressure in grams on a square 
centimeter for a velocity of 1 meter per second. The second term of this 
formula, involving the perimeter of the plate, is in part accounted for, 
as above shown by Duchemiu's theory of the centrifugal action devel- 
oped in circular motion. As above stated, French experiments indi- 
cate also that the total resistance to a thin plate in motion in a fluid is 
less than the pressure on a fixed plate in a fluid current, owing to a 
difference in the two eases in the amount of the diminution of pressure 
(Dnchemin section 71) behind the plate. Unless these experiments be 
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shown to be untrastworthy, and additioDal o];)servation8 prove an iden- 
tity of pressure in the two cases, it is prudent to apply the corrections 
already given in this chapter, section 102, to Hagen's results, so as to ob- 
tain approximately the coefGicients for a fixed pressure plate. It is most 
desirable that the value of ^(0) should be obtained, if practicable, from 
experiments whose conditions are similar to those obtaining in the actual 
use of the tablet anemometer. Extreme accuracy in the theory of the in- 
strument IS not so necessary at present, for no great precision can be ob- 
tained in observation. The continual oscillations of the plate, and the 
consequent roughness in the estimation of its angular inclination to the 
vertical, form a source of uncertainty inherent in the tablet anemome- 
ter, except when used, like Pickering's, simply as a register of maxi- 
mum velocities. The accuracy attainable is stated by Professor Wild 
to be ± 10 per cent, of the wind velocity; but for high winds and conse- 
quently large values of g) the positions of the plate vary but little for 
large changes in velocity, and over this portion of the scale the range 
of uncertainty must be materially increased. 

105. REDUCTION OF THE NORMAL PRESSURE PLATE ANEMOMETER. 

(a) The kinetic energy of a unit volume of moving mass is represented 
by the expression J/ov', where p is the density and v the velocity of 
the stream. In steady motion of an incompressible liquid mass the 
increment of pressure due to the loss of velocity (t?-— i?i) is J/n?*— J/ori* 
and can never exceed ^piT^, which value corresponds to a state of rest 
where all of the kinetic energy has become potential. If the velocity 
of the stream were destroyed over the 'whole of the anterior face of a 
surface exposed normally it would follow that the resistance would 
amount to ^pft^ for each unit of area exposed. Newton, therefore, in 
bis Principia, 1687, assumed that the resistance is equal to the weight 
of a column of fluid whose height is equal to that required to pro- 

duce this velocity in a freely falling body, namely, ^=07 but it is 

only near the middle of the anterior face that the fluid is approxi- 
mately at rest or without lateral motion ] towards the edge the fluid 
moves outwards with increasing velocity, and at or just beyond the 
edge itself retains the full velocity of the stream. 

The pressure by the Newtonian theorem ^fyv^ is therefore an overes- 
timate; nevertheless the amount of error is frequently small, only 
amounting to 0.01 for velocity of 20 meters per second, as shown by 
Recknagel's observations on circular plates. For the case of a blade- 
shaped surface Kirchhoff''s solution of the problem makes the resistance 

for frictionless blades and fluids per unit of area . , pv^ instead of 

Jpt7*. The distribution of pressure over the front surfaces of plane- 
plates in a current of water was experimentally determined by Dubuat. 
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(b) When the fluid is compressible there is an increase of density in 
front of the plate, produced by the crowding together of the molecules 
of the gas, which must be taken account of in a rigid formula, as has 
been done in that of Becknagel (see page 233.) Assuming that this 
change of density is adiabatic, the compression being supposed to take 
place without loss of heat, the resistance per unit of area is given by the 
expression 



Pi 



-.=p 0+=^' ?>-^-. 



p is the normal elastic pressure in the current; c= lyp^- the velocity 

of sound in the free fluid; y^ the ratio of the two specific heats, equal 
to 1.408 for air. When v is small in comparison with c the resistance 
follows the same law as if the fluid were incompressible. 

The distribution of pressure over plane plates exposed to wind in the 
open air has been studied by Curtis and Burton (see Quart. Journal 
Met. Soc., London, 1882, Vol. VIII), whose results accord herewith. 

Duchemin attempted to take account of the increase of density in 

front of the plate by adopting the formula p=zypv^ 
and assuming for the density 



-<'^i) 



where t; is the velocity at which air under the density po rushes into 
a vacuum. 
(o) The elementary Newtonian formula for pressure 



p=lpv 



2 



when expressed numerically in English measures becomes 

0.0027 P o 
-P""l+.00306ori^ 

in which p is the pressure on a square foot in pounds avoirdupois, v the 
velocity of the wind in miles per hour, t the temperature in centigrade 
degrees, P'=760™", P the barometric pressure of the air under con- 
sideration. This formula, subject to tlie small negative correction due 
to incomplete stoppage of the stream over the whole exposed surface, 
and subject to the small positive correction due to the compression of 
the gas in front of the obstacle, rejiresents the pressure on the anterior 
surface of a plane exposed normally in a very large fluid current, and 
therefore applies without further correction to Jelinek's improved ane- 
mometer, i. e.y with the cylinder at the rear to protect the pressure plate. 
The above small negative correction, applicable to thin pressure- 
plates in the open air, is obviated when the plate is the central portion 
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of the bottom of a box-shaped vessel wbose sides project in the direc- 
tion from which the stream is flowing, and are sufficiently extended to 
prodace approximate quiescence over the whole of the bottom. If the 
end of the box be inclosed, as in Jelinek's arrangement (see section 96), 
and the central portion of the bottom be used as the pressure plate, the 
force required to keep it in place must be very exactly equal to ipti*. 
This form, therefore, constitutes a very simple and reliable pressure-plate 
anemometer. (See also Bayleigh, L. E. D. Phil. Mag., 1876, II, p. 430.) 
(d) When the diminution of pressure behind the obstacle enters as a 
portion of the measured pressure the total effect is the sum of two terms; 
but since this second term is of the same order as the first, namely, 
proportional to pv^, and assuming the pressure uniform over the front 
surface, the total effective pressure may be obtained from the ante- 
rior pressure by multiplying by a factor determined by experiment. 
This factor differs for bodies of different forms, being greatest for thin 
plates. The table of wind pressures given by Smeaton and Bouse, 1750, 
apparently assumed the factor to be 1.8. Dachemin has given the fol* 
lowing table, representing the value of this factor obtained by different 
experimenters for bodies of various shapes and proportions, as indi- 
cated by the ratio - or the ratio of the length of the body to the diam- 
eter of the exposed cross-section, where the length is measured in the 
direction of the current : 



b 
lUtio -- 

Coefficients . . . 


0.00 


0.50 


1.00 


L60 


2.00 


2.50 


8.0O 


6.00 


1.86 


1.85 


1.48 


1.30 


1.34 


1.82 


1.33 


1.86 



This table exhibits a minimum ratio and pressure for- =2^, for 

which fact no very satisfactory explanation presents itself. Evidently 
these factors are a complex result of viscous, skin, and flaid resistances, 
and the results are in need of further experimental confirmation. 

[This subject is greatly elucidated in the memoirs of Saint Yenant, 
Paris, 1887, which I have received through M. Boussinesq while reading 
these proof-sheets. — August, 1888]. 

(e) For thin normal plates the factor 1.86 is in very satisfactory accord 
with the formula given by Smeaton, with the experiments of Mariotte, 
Thibault, and Paris in air. and with those of Dubuat in water. It dif- 
fers from the results of Woltmann's observations, to which Langsdorff 
attaches much weight, and is open to further investigation. Since the 
diminution of pressure behind the plate is due, not directly to viscosity 
or to skin friction but to flaid friction, as above defined, being main- 
tained by eddies and whirls at the surfaces of discontinuity of the con- 
tinuous stream lines, therefore this coefficient should depend to some 
extent upon the form and size of the plate and the velocity of the fluid. 
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Tbe amonut of flaid to be carried away from behind the plate each 
second, in order to maintain there a static pressure less than the normal 
elastic pressure within the undisturbed current, increases with the area 
of the plate, while the bounding surface of discontinuity through which 
the fluid must pass, and where the eddies are formed, increases with 
the perimeter ; therefore the diminution of pressure per unit area of 
the plate will be greater the greater the ratio of the perimeter to the 
area. 

Consequently the above factor, giving total effective pressure, will 
diminish as the surface increases, and for the same area will be least 
for a circular plate and greatest for a long slender rod, assuming that 
the velocities are such as to produce a preponderance of fluid over 
viscous frictions. Within what limits or to what extent such a varia- 
tion takes place needs to be determined by additional experiments. 
Thibault's observations on square plates 33 and 48 centimeters on a 
side give a mean coefficient 1.86, but his groups of observations show 
internal variations from this of over 10 per cent, in the measured re- 
sistances, discrepancies too large to allow his data to be used in detecting 
the influence of the size or shape of the plate. Hagen's experiments 
give a large positive coefficient similar to what would be directly pro- 
duced by viscosity proper, but his figures are diminished somewhat by 
tbe correction for Duchemin's theoretical term dei>ending on the radius 
of the whirling-machine. This term has its origin in the fact that the 
air impinging on the whirling-plate is forced outwardly by centrifugal 
action, and the energy thus dissipated has to be made up by increasing 
the driving force or the apparent resistance. 

The viscosity term introduced by Hagen (section 102) is in accord with 
his previous works on the steady flow of liquids in tubes and channels, 
which show that his coefficient should increase with the ratio of the perim- 
eter to the area; but the fluid friction also increases when sharp angles, 
such as those of squares and triangles, introduce discontinuous motions. 
Therefore Hagen's coefficients for the resistance of the air, even when 
reduced by Duchemin's correction for centrifugal action, may still be 
too large, as they are derived from experiments with squares, rectangles, 
and triangles, and must therefore include at least a part of that effect 
of discontinuity, to which I restrict the expression << fluid friction." 

lOe. BEDCCTION OF THE TUBULAR PBB88UBE AUTEHOHETEBS. 

The theory of the action of the wind on this class of anemometers is 
the same as that of the action of water on the Pitot tube, as applied 
by that engineer in 1760 in measuring the velocity of streams. For a 

straight-mouthed tube with sharp clean edges facing up stream h=~- , 

where h is the height of water in the tube above the surface level of 
the stream and v the velocity of the stream at the center of the mouth 
of tube. For funnel-shaped mouths Pitot found the height h to 
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be 1^ times greater than the valae just giveo. In this latter case, 
however, we can not be certain that the velocity in front of the orifice 
is the same as that of the unobstructed stream, so that this modifica- 
tion introduces an element of uncertainty into a remarkably precise 
instrument. For a straight-mouthed tube with short edges, directed 
towards a current of air, the increase of pressure within is ipv\ This 
is the same expression as above found for the wind pressure per unit 
area on the bottom of a box open to the wind, which is a parallel case. 
If the pressure within the tube is conveyed to the surface of a liquid it 
will support a liquid column whose height furnished the measure of 
the pressure per unit of area; the equation 

will give the changes of the barometer due to the whole pressure of 
the wind blowing into a Pitot tube if p be expressed in terms of the 
height of a mercurial column instead of pounds per square foot, and this 
is efifected as follows : Putting b for the barometric pressure in inches 
of mercury corresponding to p we have 

0.00003827r» P 



&= 



1-f .(H)3(i(i6~e P 



in which ^=760™™ and Pis the barometric pressure prevailing in the 
free air; t is the temperature in centigrade degrees and v the velocity of 
the wind in miles per hour. With a velocity of 50 miles per hour, tem- 
perature oo C, and pressure 760°™ ; ft=.0957 inch. When, instead of the 
mercury, the wind supports a column of water the equation becomes for 
an atmospheric temperature of (P 0. and pressure of 760™° 

0.0228 

h being the height of the water column in inches. The best form of 
tubular pressure anemometer is that in which this equation is utilized to 
obtain the velocity of the wind from the diflFerence between the read- 
ings of an aneroid inclosed in a tube whose orifice is face to the wind, 
and one so exposed as to give the elastic pressure in the moving air free 
from all dynamic effects. This latter may be attained by inclosing an 
aneroid in a' tube, whose mouth opens flush with a large flat surface, 
across which the wind blows in continuous parallel straight stream 
lines. Fig. 55 shows such a tube, T, and surface, a, surmounted by a 
second parallel fiat surface, a'. In order to accomplish a perfect result 
the surfaces should be parallel to the wind, but if fixed horizontally they 
will give erroneous results only when the wind is inclined considerably 
to the horizon. 

This method of connection of the barometer with the outer air, so as 
to obtain the elastic pressure uninfluenced by the dynamic effect of 
the wind, combined with a similar barometer at the bottom of a Pitot 
tube, constitutes the improvement devised by Mr. Curtis upon the 
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aDemobarometer, described by me iu the Annaal Report of tbe Chief 
Signal Officer for 1882, page 99. Apparently this gives an unexceptional 
complete solution of the problem to determine the air pressure, the ^iud 
pressure, and the wind velocity, and avoids the complicated and uncer- 
tain relations introduced by Hagemann's use of the Magius tube^ as well 
as those attending the measurement of pressare in the rear of any ob- 
stacle. 

lor. BEorcnox op thb bbidlkd akemovetebs. 

These anemometers have thus far been used only to give relative 
indications of the force of the wind, and the conversion of their arbi- 
trary scales into wind velocity based upon a precise hydro-dynamic the- 
ory of their action has not yet been attempted. On such bridled wind- 
mill sails Smeaton made his studies of the best form of sails and the 
resistances in windmill construction, but his results are not sufficiently 
accurate for use in anemometry. The first condition to be satisfied by 
this anemometer, in order to get correct absolute or even relative in- 
dications of wind force, is that the radial arms or cups shall be suffi- 
cient iu number and so placed as in any position to present the same 
pressure surface to the wind. 

In the four cups of Robinson's anemometer this condition is not even 
approximately fulfilled, so that a given increment in wind velocity will 
act with a different force upon the instrument, according to the relative 
positions of the cups. The five cups used by Professor Stokes come 
nearer to satisfying this condition, and for the six curved radial arms 
of Garthner's anemometer the pressure surface is ver^^ nearly constant 
in all positions of exposure. For any form of bridled anemometer 
special experiments are needed to determine the accuracy with which 
this condition is realized. When the number of vanes needed to satisfy 
any given limit of precision in this respect has been determined on, the 
formula for its actipn will be similar to that of the pressure plate, 
namely 

ere Ko and K are instrumental constants to be determined by com- 
parison with a normal or standard anemometer of any kind,* p is the 
density of the air, and P the observed pressure indicated by the coun> 
terbalancing weights or springs. 

The bridled anemometer with vertical axis is exposed to the wind 
from all directions, and therefore need not be attached to a wind vane. 
It thus has a great advantage over the pressure plate, and if its indi- 
cations can be evaluated with as much precision as those of the plate, 
is to be highly recommended as a pressure anemometer. 

I08. MEASrREMENT OF GrSTS. 

In the preceding portion of this chapter the pressure anemometers 
have been supposed to be exposed only to a steady wind that brings 
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the instruments to rest in eqailibriam with its steady pressure. The 
ordinary intermixture of temporary gusts makes it necessary to prop- 
erly interpret the readings of the instruments for such cases. A gust 
produces a momentary impact upon the anemometer and ceases to act 
long before the instrument has fully attained the condition that indi- 
cates the maximum force of the gust. The wind's action is therefore 
that of an impulsive force. 

For the pendulum anemometer the problem is similar to that of the 
ballistic pendulum. The resultant of the gust passes through the center 
of pressure of the surface exposed to the wind, and in the ideal pendu- 
lum anemometer is assumed to pass also through the center of percus- 
sion with reference to the axis of suspension which thus becomes an axis 
of spontaneous rotation. For a pendulum thus constituted none of the 
impulsive force of a horizontal gust will be lost in producing strain on 
the axis of suspension. The initial angular velocity about the axis of sus- 
pension will be the sum of the moments of the impressed forces divided 
by the moment of inertia with reference to this axis. The impressed force 
is in general some fraction /i of the momentum of the air that strikes 
the pendulum. Let m and v be the mass and average velocity of the 
striking air, Vi the resulting initial velocity of the pendulum, Jf the mass 
of the pendulum, I the lever arm of the center of inertia, K the lever 
arm of the center of gyration, then will /4mvl=^M ViK, 

(a) If the mass of the pendulum is considerable in comparison with the 
area that it exposes to the resistance of the air, then /i will be small and 
Vi will be small, and the arc of vibration described before coming to rest 
may be approximately determined without considering the resistance 
of the air or the friction of the axis of suspension. In this case the 
pendulum moves from the vertical to an inclination, ^i, and is tempo- 
rarily brought to its first rest there by the work done against gravity; 
therefore the ordinary ballistic formula gives the maximum velocity Vi 
for ^=0 in terms of the maximum value ipi of the arc of vibration, as 



V\=yJ~^»in^tf.i 



If the time T of vibration of the pendulum has been observed for 
small arcs of observation then we may substitute 



^« Ig 



whence 

by which the initial velocity of the center of inertia of the pendulum 
plate or sphere may be computed from the observed ^i. 

(b) If the pendulum is very light in comparison with the surface ex- 
posed to the wind /i will be nearly unity and its initial velocity will 
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be more nearly that of the incident wind, bat the angle ^i, by which it 
is driven from the vertical, will depend upon the action of the resist- 
ance of the air behind the plate and the friction of the axis as well as 
on gravity. Assuming the moment of resistance of the air that now 
resists the plate to be IR^ which mnst approximately eqnal liKt^j and the 
moment of friction to be kfy and the moment of inertia to be M^^ then 
will the solution of the following equation for each special form of pen- 
dalum plate or sphere give the relation between the limiting angle ^ at 
which the pendalum comes to rest and its maximum velocity Fi: 

(c) Having thus found the initial maximum velocity Vi of the pendu- 
1am, the next step in the problem is to derive therefirom the maximum 
velocity of the air particles constituting the gusts. A gust may be con- 
sidered as a rapidly advancing wave of compression, whose elementary 
masses communicate their own velocity to the particles in front and then 
subside to rest ; or at other times it consists of a vortical motion, the 
front surface of the vortex being the front of the gust. In either case 
the pressure plate receives a pressure increasing very rapidly up to a 
maximum, and then as rapidly followed by a diminution. 

The forward component of the velocity of any particles within the ad- 
vancing thin shell of the gust of air may be expressed by the formula 



F= Fo sin m 



a-') 



where x expresses the distance of the particle from the front edge, tn 
and fft are constant coefScients, and is a function of the time. The in- 
troduction of this variable force into the equations of motion for the 
pendulum shows that the maximum velocity of the plate will be about 

n . Fo, where a depends on the relative density and dimensions of the 
plate, and F« is the maximum velocity of the air particles. ' 



CHAPTER XVL 

SUCTION ANEMOMETERS. 
109. eSNEBAL PBINCIPLE. 

A second general class of anemometers is that in which the object of 
measurement is the so-called suction effect dae to the diminution of 
pressure produced by the wind in the neighborhood of some obstacle* 
When a fluid flows past an obstacle the deviations of the stream lines 
are accompanied by variations in the pressure and by regions of so- 
called discontinuity in which in gases the pressure is especially low^ 
and in liquids becomes zero. If the air flows into such a region it is 
said to be sucked in, although the true impelling force is the excess of 
pressure on the outside. 

Suction anemometers may be divided into classes, according to the 
nature of the obstacle that opposes the flow of the wind. Of these 
two classes only need be considered. First, the wind blows through a 
horizontal tube, and the obstacle consists of a contraction or diaphragm 
within the tube* Second, the obstacle consists of a straight vertical 
tube, open at the top, erected in the free air, so that the wind blowa 
freely against and around the tube and across the top. 

The case in which the obstacle is a sphere or other surface, at several 
X)oints of whose surface measurements of the relative suction and 
pressure effects can be made, has been worked out both experimentally 
and theoretically by Sir William Thomson (Math, and Phys. Papers, 
Vol. I, Parts III and IV), and by Recknagel (Wied. Annalen, 1880, X, 
p. 677), but its application to anemometry, as suggested by me a few 
years since, has no material advantage over the two preceding simpler 
cases. 

Although the suction anemometers have not as yet been very widely 
adopted by meteorologists, yet it will be seen that some forms are in 
no respect inferior in accuracy and convenience to the pressure and the 
rotation instruments. The formulae for the computation of wind ve- 
locity in all three classes involve one or more coefficients that must be 
determined by experiment, and the formulse resulting from the mechani- 
cal theory of the flow of fluids are simpler for this class of anemome- 
ters than for either of the other two. 

klO. HORIZONTAL TUBES. 

Wind blowing through a smooth horizontal tube of uniform bore 
is under the same elastic pressure within as without the tube, if we 

253 



254 REPORT OF THE CHIEF SIGNAL OFFICER. 

neglect the very slif^ht effectn of skiu friction and viscosity, and if 
the walls of the tube be so thin that we may neglect the distarbanco 
produced by the impact of the wind on the anterior edge of the 
tube. Therefore the elastic pressure against the walls of the tube is 
everywhere the same, inside and outside. If, however, the tabe be 
contracted and again expanded somewhere in the course of its length 
there will be a corresponding variation in the velocity of the flow of 
liquid through it, and a corresponding change in the density of the 
fluid and in the pressure on the interior wall of the tube, the pressure 
diminishing as the square of the velocity increases. 

(a) The first current meter based on this principle is that of Over- 
duyu, in 1854. He adopted the contracted tube known as Venturi's 
tube, which consists of a small frustrum of a cone, through which the 
current flows towards the smaller section, where it enters a much larger 
conical tube. The shape and proportions of Venturi's tube are as shown 
in Fig. 56, where 

AB=1S CD=15.5 EF=23 GJ5r=ll ^7=78 

These are the proportions that were found by Venturi to give the 
maximum discharge when his tube is applied to an orifice. Equiva- 
lent curved surfaces may be substituted for these cones. At the con- 
tracted section CD, where the fluid would have the greatest velocity 
and the pressure on the walls of the tube would be the least, Overduyn 
fitted a small tube leading to a hermetically sealed case containing an 
aneroid barometer, which latter indicated therefore a pressure the same 
as that against the section CD, A similar arrangement for the free por- 
tion of the stream gives the full pressure such as it must exist at the 
section AB or EF^ and the diflference between the two aneroids gives 
the basis for computing the velocity of the liquid. 

The theory of the flow of liquids, as applied to suction anemometers, 
is deduced from the general methods of hydrodynamics.* 

For the present we need only recall the following general relations. 
For any two sections such as CD and EF of a stream in steady flow the 
conditions of continuity as to mass give 

PlGOiVi^ P2GD2V2 (1) 

The condition of adiabatic flow, t. 0., continuity as to heat, give 






(2) 



The Eulerian equations of motion for incompressible non-viscous fluid 
give 

?>+iTV=C ^?+ J 7,^=0 .... (3) 

p p ^ 



* See BcsaDt, Hydromechanics; Lamb, Motions of Fluids; Unwin, Hydromeohan- 
ics; a special memoir by G. E. Cartis is also promised. 
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The corresponding equations for adiabatic flow of non- viscous gas 
give 

jy^^PL+iVi^^C _2_^+JF,»=0' '. . (4) 

Elimination between (1) and (3) gives Fa for water, and elimination 
between (1), (2), and (4) gives V2 for air. If the density is expressed 
as the weight of a unit volume we have fh= &, and if the acceleration ^ 
is expressed as a barometric pressure we have j?g=ji^. The result of 
this elimination and substitution shows that the velocity at HF or AB 
of the stream Vo is computed by the following formulae: 

(1) For water non-viscous, incompressible, and flowing steadily with- 
out discontinuity. 



W — -5^ :;; 



O oof 



QD^ 



(2) For air the expression for the velocity must be developed from the 
principles of the adiabatic flow of gases, from which for non- viscous, 
steady, non-discontinuous flow there results the equation 

where a?! and 00% are the areas of the sections CT) and EV^ pi and p. are 
the pressures at the sections CD and UF^ g is the acceleration of grav. 
ity, O is the weight of the unit volume of liquid, and ;^=1.408 is the 
ratio of specific heata under constant pressure and constant volume. 

The .difference between the equations for compressible and incom- 
pressible fluid is small, amounting to between 3 and 4 per cent, tor a 
diminution of barometric pressure of one-half inch. The simpler for- 
mula for incompressible fluids is therefore sufficiently accurate for ordi- 
nary winds. 

(b) Professor Overduyn showed that by placing: a corresponding small 
Venturi tube, as in Fig. 57, so that its mouth A'B' would lie in the plane 
of the section CD, there would be an exaggeration of the suction effect, 
and the pressures measured at the sections C^iy could be utilized for 
obtaining the velocity of the stream. This idea has been experiment- 
ally realized by £. Bourdon (see Paris, ComptesRendu. 1882, tome 94, p. 
229), who, however, altered Overduyn's arrangement (see Fig. 68) by 
placing the mouth A"B" in the plane of AB and the opening E^^F' in 
the plane of CD, 

Bourdon found that the additional tubes introduced into the larger 
one act as obHtructions to diminish the full effect. Nevertheless the 
duction effect at C'^D" was to that at CD as 20 to 6. 

(0) The anemometer proposed by Arson (Assoc. Francais, Nantes, 
1875), is on the same principle as the Venturi tube (see Fig. 59), and 
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consists of a cylinder whose bore is constricted as shown in the figure, 
from L to Mj where it suddenly widens to its original dimensions. 

Arson makes the area of the contracted section at M eqoal to -^ of 

the area at Lj whence he deduces the following formola on the assump- 
tion that there is no discontinuity in the flow of liquid : 



F=46.9^ir~P SI9 



29:02 ' 4590+ 1 

where V is the velocity in feet per second, h is the observed deficiency of 
pressure at the contracted section MNj as measured by the height of a 
column of water raised by the suction in a U-tnbe, one of whose ends is 
open to the air while the other is directly connected with the inner sur- 
face of the contracted tube, P is the atmospheric pressure in inches of 
mercury, and t is the temperature of the air in Fahrenheit degrees. 

If, however, discontinuity exists, and in general it must be so, then, 
as shown by Curtis, the computed velocities are too small, and need to 
be increased by the factor 1.082. 

It would seem, therefore, that it is best to use a gradual enlargement 
from M towards N rather than the sudden enlargement adopted by 
Arson, or, in other words, to adhere to the Venturi tube. 

In the use of the horizontal tubes the tube must be attached to a 
wind vane in order that it may be parallel to the wind direction. It is 
therefore subject to extensive oscillations with the vane, and any want 
of parallelism to the wind introduces an ^rror in its indications, as in a 
similar case of pressure plates. This difficulty is obviated in the verti- 
cal tube described in the foHowiug section. 

111. TEBTICAL TTBBS. 

A vertical tube exposed to the wind constitutes an obstacle. At the 
sharp horizontal edge of the upper end of the tube the wind deflected 
by the surface immediately below bounds over and leaves a small re- 
gion of discontinuity; into this the air flows from some surrounding 
point, but a definite deficiency of pressure still prevails in this region. 

If the tube be opened at the lower end a free flow of air takes place 
through it upwards into this discontinuous space and is immediately 
carried thence by the wind. This is the ordinary pheuomeuou of the 
suction of a chimney, the laws of which were experimentally investi- 
gated for many forms of cowls by a committee of the American Acad- 
emy of Arts and Sciences, Boston, 1817. It will be perceived that the 
phenomenon is not one of << suction due to the viscosity of the air draw, 
ing the air from the vertical tube," but is one of fluid friction proper, aa 
defined in the section on the theory of the wind vane. If the lower end 
of the tube be closed the pressure within the tube becomes constant and 
the same as in the discontinuous space above it, except for the slight 
periodic variations attending the sonorous waves that travel up and 



I 

REPORT OF THE CHIEF SIGNAL OFFICER. 257 

down tbe tube. The law of dimiDiition of pressure in this case was ex- 
perimentally investigated by Ewbank and Mott, Philadelphia, 1842, and 
by Magius, of Copenhagen (see Hagemann in Met. Aarbok, 1876 ; trails- 
lation in Journal Franklin Institute, 1887). 

(a) The vertical suction tube was first applied to auemoinetry by 
Fletcher, in 1867. It was reinvented by Hagemann, Copenhagen, 1876, 
and has been used to some extent in Denmark, Norway, Sweden, and 
Russia, as also on the ocean. TJie original Fletcher-Hagemann ane- 
mometer consists essentially of a vertical tube, whose upper end is open 
and beveled, the plane of the section being perfectly horizontal ; the 
lower end connects with a Utube manometer or other form of measur- 
ing pressures. A modification of this, suggested both by Fletcher and 
Hagemann, consists in directly combining the vertical and U-tube, and 
18 a modified Lind anemometer, in which the wind presses into one 
bianch of the U, but produces a suction in the other branch, so that 
both effects combine to raise the column of water in one leg and de- 
press it in the other. This is the form now adopted in the portable 
Hagemann anemometer used in Denmark. But as all such arrange- 
ments require to be oriented by attachment to a wind vane they lose 
the advantage of the simplicity of the single fixed vertical tube. 

The pressure within the vertical tube is that within the discontinu- 
ous space at its top, and is a measure of the velocity of the wind ; but 
the exact relation between the two can not be stated satisfactorily from 
a deductive point of view, owing to the mathematical difficulties in the 
])roblem. It can be seen, however, that the relation is, approximately, 
P,—Pi=rjK'(FJ*, where the factor K must be determined by experi- 
ment for the special form of end or nozzle that is adopted for the upper 
end of the tube. The value of ^ was assumed equal to ig by Fletcher; 
Hagemann and Magius came to the same conclusion from their experi- 
ments with the beveled nozzles. The velocities in their experiments 
were, however, quite moderate, and further investigations have been 
promised. 

The simplicity of the vertical suction-tube anemometer makes it i)e- 
culiarly adapted for transportation and use at sea ; the trouble caused 
by the stoppage of the aperture by frost-work and snow can be partly 
obviated by bending the top of the tube, causing the month to open 
downward instead of upward, and by occasionally forcing a current 
of warm air up and out of the tube, whereby to melt the snow and frost. 

If the section of the mouth or the motion of the wind be not hori- 
zontal a source of error is introduced. The results given by two tubes 
opening upward and downward, respectively, afford data for approxi- 
mating to the effect of an inclination of the wind or the tube. . 

As stated in the section lOD, tubes ending in the surface of a sphere 
have been experimented with, but none of these forms excel in sim- 
plicity and directness the combination of barometer and pressure ane- 
mometer described in sections GO and 106. 
sio 87, PT 2 17 



CHAPTER XVII. 

ROTATION ANEMOMETERS. 
11)). GENEBAL CONSIDERATIONS. 

The third general class of anemometers is that in which the wind sets 
in motion a system susceptible of rotation aboat an axis, and the veloc- 
ity of its rotation is taken as the object of measarement. Instrnments 
of this kind are often and properly termed "velocity'' anemometers, 
since we observe the velocity of rotation of a movable mass of matter, 
bat in the use of this term its application is often improperly trans- 
ferred from the velocity of rotation to the velocity of the wind, and the 
erroneoas impression is fostered that velocity anemometers are able 
to give the wind's velocity directly, while other instruments famish 
other data. It is now known, however, that the relation between the 
Velocity of rotation of the instrument and the linear velocity of the wiad 
is, in general, far from being a simple one. The preceding chapters 
bave shown that for pressure and suction anemometers the relation of 
their indications to the wind velocity is, in some cases, fairly well estab- 
lished. This will also be found to be approximately true of rotation an- 
emometers; therefore all anemometers ma}' be considered as velocity an- 
emometers in the sense that they lead to a knowledge of the velocity of 
the wind by measuring some of its effects, some by means of resistance, 
some by suction, and those of the present class by their velocity of ro- 
tation. An important difference, however, in the action of the rotation 
anemometer, as distinguished from the other classes lies in the fact that 
it gives a continuous integral result instead of a momentary differen- 
tial one, and its general acceptability results from its character as an 
integrating machine, giving total movements and average velocities. 

113. EABLT F0BM8 OF BOTATIOX AXEMOMETEBS. 

(a) The first rotation anemometer of which we have record is de- 
scribed by d'Ons-en-Bray, in 1734. In this form the windmill with verti- 
cal axis (moulin k la Polonaise), which formed the outer exposed portion 
of the bridled anemometers of Garthuer and Leutmann (see Fig. 53), was 
allowed by d'Ons-en-Bray to rotate continuously, and to record by a self- 
registering attachment. For every 400 revolutions of the windmill a 
hammer was let fkll, thereby making a perforation in a recording 

358 
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sheet moved by clock-work. The quantity of gearing by which this was 
accomplished rendered its records of doubtful value, but the essential 
idea aimed at in this anemometer is the same as that in Robinson^s an- 
emometer, brought out more than one hundred years afterward. 

Observations to determine the relation between the velocity of the 
wind and the record of this anemometer were promised by d'Ons-en-Brayy 
but never carried out, so far as I can discover. 

(b) The next rotation anemometer was described by Lomouosoff in 
1751. It consisted of a wheel (see Fig. 60) something like an overshot 
water-wheel, whose horizontal aiis was kept x)erpendicuiar to the wind 
by being attached to a wind vane. The wind v.ine, being made in the 
form of a narrow box, served also the purpose of covering the lower half 
of the wheel, while the wind, continuously striking the upper half, set 
it in rotation. On the axle is a pinion that works a spur-wheel, on whose 
axis another pinion works another wheel, and so, by means of a thread 
passing down the hollow axis of the vane, transmits the motion to a 
wheel below. The velocity of this lower wheel is the object of meas- 
urement^ Lomonosoff determined the relation between its rotations 
and the wind velocity byobserving the latter directly by means of 
feathers. 

114. 8CH0BEB-W0LTMANN WIND MBTEB. 

(a) With the exception of LomouosofiTs instrument, wnich never re- 
ceived further development, the progress of rotation anemometers dur- 
ing the century following d'Ons-en-Bray lay in the application of small 
windmill sails, and under this head come the various patterns of current 
meters used for measuring the velocity of natural or artificial currents 
of all kinds. In 1752 Schober described the first anemometer of this 
class of which we have record. It was an adaptation of Wolfs bridled 
anemometer, and consisted of four thin rectangular brass sails, 1.25 by 
2.5 inches in size, placed at the ends of two light cross arms. The shorter 
dimensions of the rectangles lay in the direction of the arms ; the distance 
from the axis to the middle of the sails was 4 inches. To determine 
f.he angle at which the plane of the sails should be set the anemometer 
was placed on a whirling-machine, and with the sails placed at different 
angles, was whirled with a linear velocity of 25 feet per second. 

When the sails were set at an angle of 5(P with their axis of rotation the 
velocity of the middle of each sail in its rotation on its axis was 23.7 feet 
per second, and when set at 60^ was 30.6. By interpolation 62^ was taken 
as the angle which the sails should make with their axis in order that 
their middle points should rotate with the same velocity as the wind. 
For recording the velocity of the sails a bell was so attached to the 
axle of the anemometer as to be struck at every sixth rotation, thus 
permitting the number of rotations in a given time to be counted, and 
thereby the velocity of the wind to be determined. 
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In 1783 Edgewortb made an anemometer of a similar type, cousisliu^ 
of four light windmill sails delicately mounted on a horizontal axis, in 
the arbor of which was cut an endless screw that recorded its revola- 
tions by means of the well-known elegant device now called the cotton 
counter and adopted in the anemometers manufactured by J. & H. J. 
Green, of New York. 

Xo extended application appears to have been made of this form of 
rotation anemometers until 1790, when Woltmann published his ^^Theo- 
rie und Gebrauch des hydrometrischen Fltigels," wherein he showed 
the value of Schober's anemometer as a meter for both air and water 
currents, he having spent the year 1786 in experiments for its improve- 
ment. The resulting instrument is shown in the accompanying diagram 
(Fig. Gl). The radial arms of Woltmann's Fliigel Anemometer were of 
polished steel, and their length from the axis to the middle of the little 
sails was 19.1 inches. The sails or "Fliigel " were of polished hard wood, 
2^ by 5 inches in size, and set at an angle with their axis of rotation of 
48^0. On the axis, which was 14 inches long, was an endless screw, into 
which fitted a toothed wheel containing 100 teeth. The following ex- 
planation of the action of this anemometer is due to Woltmann. 

Let a plane, CBLM (Fig. 62), be inclined to the direction qf the cur- 
rent PQj in which it is immersed, and be so constrained as to be mova-' 
ble only in a plane perpendicular to the current, t. e., parallel to BA ; let 
the plane make an angle, a, with the current. The pressnreof the current 
will set the plane in motion. At first the current will strike the plane 
with its whole force, but as the plane begins to move and increases its 
velocity the i)ressure of the current diminishes and vanishes, when the 
plane moves with such a velocity that a particle of air is not deviated 
by the plate, that is, when a point of the plane moves from B to A 
while the wind moves from C to A. Then, if Fbe the velocity of the 
wind and v the linear velocity of the plane, we have 

V:v=CA:AB 

GA 

F=t? . -.--z=zv cot a 
AB 

For circular motion, as in windmill sails, different points of the plane 
move with dififerent linear velocities, so that t^, the velocity of the plane, 
refers to some line, within the plane, and for a=:45o the equation states 
that the velocity of the wind is just equal to the velocity of this line. 
Woltmann states that this line is a little outside of the center of the 
plane reckoned from the axis, but that for small planes without sensi- 
ble error we may assume it to pass through the center. The portion of 
the sail inside of this line moves slower than the wind^ and so the wind 
tends to accelerate its rotation, while the portion of the sail outside of 
the line moves faster than the wind, which latter therefore acts to 
retard the rotation. The arms ofifer slight resistances to the motion of 
the sails that must be taken account of, whereby their velocity is less 
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than that given by th^above equation. This resistance is proportional 
to the square of the velocity, and in like manner the force which over- 
comes the resistance increases in the same ratio. Therefore the retar- 
dation always remains a constant part of the actual velocity whether it 
be great or small, and the corrected equation becomes 



F=(^cot a+i\r=T cot (a—/?) 



in which -- is the diminution of the velocitv due to the resistance of 
m 

the arms. 

By experiments iu water Woltmauu found that in order to have 
(a—/?) =450 he must make a=:48Jo, ^g this correction depends on the 
tiize and form of the instrument, and is independent of the density of 
the medium, the results of the experiments iu water hold good for 
motion in air, consequently the angle 48Jo was adopted by Woltmann 
for his anemometer. 

The effect of friction must yet be introduced into the equation of the 
instrument. Assuming that the apparatus has perfect symmetry, so 
that its center of gravity and pressure lie iu the axis of rotation, then 
the fundamental condition for the correction for friction is that the 
total energy of the wind expended on the instrument must equal the 
energy produced in the moving parts plus the amount used up by fric- 
tion. The condition is expressed by the equation V^=v^+F. The 
friction term F is really composed of two ])arts: First, a constant term 
which represents the friction due to the weight of the apparatus and 
the friction of the gearing, its amount being determined by the condi- 
tion that its moment is equal to the moment of the wind pressure on 
the sails when they just begin to start; second, a term due to the hith- 
erto neglected component of the wind pressure parallel to the axis of 
rotation and producing a friction at the bearing of the end of the axis, 
which is also proportional to V\ Woltmann took account only of the 
first of these friction terms and found for his special instrument 

F«=17*+ (2.11)2 

in which Vand v are given in feet per second. 

The second friction term, being proportional to F*, may be combined 
with that term in the equatibn. The general equation of the air meter 
may therefore be expressed in the form V^=aH^+Yo^ where Vq is the 
wind velocity at which the instrument just begins to turn, n the number 
of rotations in a unit of time, and a a factor, constant for each instru- 
ment, to be determined by experiment. In this form the equation holds 
true, whatever the angle at which the sails may be set, and iu the ex- 
perimental determination of a and Vq the friction and resistances of the 
apparatus are allowed for. The terra Fi^ varies with the delicacy of 
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coDBtruction and the square of tbe density of the medium in which the 
instrument is submerged ; for water the term becomes insensible, and 
the velocity of the stream becomes directly proportional to the velocity 
of the instrument. For observations of wind velocity and considering 
the changes of air density the equation becomes 

P 

in which Vq is the wind velocity at which the instrument begins to turn, 
as determined under a standard air density po, and p is the density of 
the air at the time of any observation expressed in terms of the stand- 
ard density po> 

(b) Eallstenius iu 1820 made an instrument of this type with twelve 
sails instead of four, and with their planes sec at an angle of 37^ to their 
axis of rotation. He omitted the question of the friction of the appa- 
ratus. 

(c) In 1837 Combes, in France, and Whewell, in England, brought out 
modifications of Woltmann's instrument, which have had an extensive 
use. Combes's anemometer was designed as a delicate current meter 
for use in the ventilation of buildings and mines, and for any purposes 
of physics, engineering, or the arts, while Whewell's anemometer was 
intended to be a meteorological instrument. 

Combes's anemometer had four square sails, 0.0225 meter on a side. 
The distance from the axis to the center of the sails was 0.02625 meter; 
the angle between the sails and the axis of rotation was about 61^. By 
assuming the gyratory force upon the sails proportional to the square 
of the angle between the current and the plane of the sails, Combes de- 
duced an equation of the form V=an+b where a and b are constants 
and n the number of turns of the instrument iu a unit of time. As 
already stated, in considering the w^ind vane, section 84, the pressure on 
an oblique surface is more nearly proportional to tbe sine of the angle 
than to its square; consequently the form of the equation given by 
Combes would seem to be subject to the error of this assumption and 
inferior to the equation 

^ P 

given above. The equation given by Combes is, however, simpler in 
form and has been very largely used in graduating air meters. Indeed 
for large velocities it can lead to no appreciable error. 

{d) The conditions of accuracy of tbe Woltmann anemometer in the 
various forms manufactured by French, Oerman, and English mak- 
ers (which are all slight modifications of the general pattern adopted 
by Combes) have been several times investigated, but perhaps most 
thoroughly by Recknagel (see Wiedemann Annalen, 1878, IV, p. 149). 
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The results of the latter coDflrm the accuracy, at least for small ve- 
locities, of the linear formula given by Combes, which is 

V=za+bn 
where 

n=the number of rotations of the axis per second. 
6=2zrp tan g), 

(p=the angle between the wind and the normal to the vanes. 
o=the friction constant or least velocity at which the vanes just be- 
gin to turn. 
According to Combes's theory 



^=\/^ 



2Rrg 



6fp sin (p cos' g> 

i?r= tbe moment of friction of the axis in kiiogram>meters. 
/=the total area of the vanes in square meters. 

-=mass of a cubic meter of air. 

o=the radius of the circle described by the center of the vane in 
meters. 
Recknagel finds that for linear velocities of between one-third and 4 
meters per second, which he obtains by moving the anemometer along a 
small railway, the above formula well represents the observations, and 
that it also equally well applies to circular motions obtained by whirl- 
ing the anemometer in circles of 1 and 2 meters radius. For different 
values of the angle <p he determines the sensitiveness or least velocity 
a that will start the vanes into rotation, and the coefficient 6 for ve- 
locities up to 12 meters per second. The following table gives the values 
of a and b for the different angles of inclination: 



^ 


a 


b 


Raiif^o of 

experimental 

velocities. 


1 

1 

o / 
11 00 

20 00 

25 40 

32 50 

46 80 

60 30 

62 30 

76 


Meters per 
second. 

0.40 

0.30 

0.26 

0.18 

0.16 

0.16 

0.175 

0.207 


(?) 

(?) 
0. 04764 
.06222 
.00802 
. 15784 
.18576 


Meters per 
second. 




0.2 to 4 
0.2 to 5 
0.2 to 6 
0. 2 to 12 
•0.2 to 12 











From these results he concludes that the sensitiveness is a maximum 
when the inclination is >25o and <e2o, and that the linear feature of 
the equation for v holds good throughout the whole range of velocities 
above given, but that for higher velocities these values of a and b 
give velocities too large by 1 per cent, or more. 
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The preceiling flgures bold good for winds of aniform velocity. Wbeu 
Secknagel varied tbe velocity with rapid regularity the computed ve 
locities were all a little higher than the true average, evidently due to 
tbe greater inertia of the moving mass when forced to whirl rapidly. 
When the wind struck his experimental anemometer from behind the 
recorded velocities were 1 or 2 per cent, smaller than when it struck tbe 
front. The formula deduced for the anemometer whirled at low veloc- 
ities upon a whirling machine gave results sensibly correct when the 
instrument was moved rectilinearly through still air at low veloc- 
ities. 

The constants a and b deduced from these experiments agree very 
closely with those computed by Combes's formula for apparatus having 
the dimensions employed by Becknagel, who used four vanes, which 
were plates of mica about five-eighths inch long by three-eighths broad, 
and whose centers described circles of about three-fourths inch radius. 

Recknagel concludes by recommending the adoption of the angle of 
inclination ^=6(P, for which he estimates that anemometers so con- 
structed will probably not be in error by more than +0.03 meter for 
velocities between 0.25 and 8 meters per second, but which may be 
in error by +0.02 for velocities of 12 meters per second. The angle 52^, 
apparently adopted by Dr. Parkes in 1860 for ''Casella's air meter," ac- 
cords very nearly with liecknagel's recommendation. 

(e) Whewell's self-recording anemometer (Fig. 03) consists essentially 
of a small windmill fly formed by eight brass planes, each set at an angle 
of 450 to the common axis of rotation, which latter is kept in the wind 
direction" by the vane V. The fly revolves by the action of the wind aud 
gives motion to nn endless screw, a. This screw, operating on a vertical 
wheel, 6, gives motion to a horizontal wheel, d This latter wheel is 
attached to the long vertical screw 8, by which motion is given to the 
pencil of the registering apparatus. 

The length of each sail, 1.92 inches; the distance from the axis to the 
center of each sail, 1.34 inches. This size of sails is much too small for 
the work that the instrument has to perform. The endless screws work- 
ing in toothed wheels, so as to convert the rapid motion of the fly into 
a slow descending vertical motion, which is again carried out by a thread 
turning in a movable nut, all involve the greatest amount of friction 
incidental to any machine. Notwithstanding this feature, no provision 
was made by Whewell to allow for the effect of friction in evaluating 
the wind velocities of the. record, the trace being considered by him to 
be directly proportional to the wind velocity. 

In 1844 Sir W. Snow Harris made a report to the British Association 
on the working of Whewell's anemometer during the preceding three 
years' trials. He obtained an evaluation of the pencil trace in terms 
of the wind velocity by comparing the records with simultaneous obser- 
vations of Lind's gauge, and found, as was to be anticipated from the 
amount of friction, that the ratio of the velocity of the wintVto that of 
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the pencil increased with decreasing wind velocities, as shown in the 
following table : 



Wind veloci- 
ties by Lind's 
gaage (feec 
per second). 


WheweU's 
anemometer 
(space de- 
scribed by 
pencil in one 
hoar). 


Ratio (veloc- 
ity of wind 
divided by 
velocity of 
penou). 


laes 


LO 


10.6 


11.68 


1.5 


7.8 


13.50 


2.0 


6.7 


15.80 


2.5 


8.1 


17.50 


8.0 


5.8 


19.10 


3.5 


5.5 


21.00 


4.0 


5.2 


22.00 


4.5 


5.0 


24.60 


5.0 


4.9 


26.14 


5.5 


• .4.7 , 


27.50 


CO 


4.5 1 


28.20 


6.5 


4.3 


30.17 


7.0 


4.3 



In 1843 a Whewell anemometer was erected at the Royal Observatory, 
Greenwich, ami its records published annually nntil 1862. During 1860 
and 1861 continuous observations were also made with a Robinson 
anemometer, tbe latter being reduced with the factor 3. The compari- 
sons between the two published records showed that, as the observations 
had been reduced, the total movement of the air given by the Whewell 
anemometer was less than one-half of that shown by the Robinson 
anemometer in. strong winds, while in light winds this difference was 
very much greater. By a table of factors for different velocities the 
back records of the Whewell anemometer were corrected to agree with 
the Robinson. 

(/) Numerous modifications have been made in the construction of air 
meters, both in tbe sails and in the enregistering devices. Hiram in 1843 
made the sails curved instead of straight, as previously constructed. 
By this means a greater efficiency is attained, understanding by this 
term simply the ratio of the amount of useful work performed to the 
energy expended. This is important in the case of water-wheels and 
other similar mechanical appliances, but in the case of an anemometer 
the additional efficiency given by a curved sail is not of very much ad- 
vantage, as sufficient power to move the sails even in light winds can 
be obtained with straight surfaces. The small air meter (see Fig. 64) 
first made by Casella, of London, in 1860, for Dr. Parkes, is a form of 
Woltmann^s current meter. It consists of eight small plane windmill 
sails set at an angle with their axis, and therefore with the wind, a lit- 
tle greater than 45^. It is now very widely used for all purposes for 
which small air meters are applicable. These air meters are tested by 
the maker and correction cards furnished with each instrument, but 
nothing is published or known to me as to the accuracy of the method 
of determinin,2f those corrections. 
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115. THE BOBINSON ANEMOMETER. 

In 1846 Dr. Bobinson brought oat an instrument, suggested to him 
by Edgeworth many years previously, that has almost superseded all 
other forms of velocity anemometers, and has come into general use 
throughout the meteorological world as '' the Robinson hemispherical 
cup anemometer" (see Fig. 65). 

(a) The general description of this instrument is as follows: A verti. 
cal spindle has at its upper end four horizontal arms at right angles to 
each other, bearing at their extremities hollow hemispherical cups of 
thin sheet metal, whose circular rims are in the vertical planes, passing 
through the respective arms and the common axis of rotation. The 
convex side of each cup faces the direction of rotation, therefore two 
opposite cups have their convex surfaces facing in opposite azimuths. 
The pressure of the wind against the cup whose concave side receives 
the wind is greater than against the opposite cup whose convex side 
simultaneously receives the wind, and consequently, whatever the di- 
rection of the wind, the system is always caused to rotate in the same 
direction, each cup moving with its convex side forward. The spindle 
has at its lower end an endless screw, which is geared to movable dials, 
the number of whose revolutions count the rotations of the cups, or it 
is connected with a shaft and registering apparatus, whereby motion 
is given to a movable pencil and a trace described upon an anemograph 
sheet. 

Electrical registration is obtained by attaching to one of the dials 
one or more metallic pins that at a given point in each revolution press 
upon a metal spring, whereby an electric current is completed and au 
automatic registration effected on a registering sheet. 

(b) In devising the cup anemometer Dr. Bobinson was guided by the 
following principles : 

(1) The moving power should be so great in comparison with the 
friction that the correction due to the latter may be inconsiderable, 

(2) The instrument should be acted upon by a section of the current 
sufficiently large to give an average result. 

(3) The movement of the exposed surfaces should be as slow rela- 
tively to that of the wind as may be consistent with a sufficiency of 
moving power. This diminishes the wear of the machine and lessens 
the train of wheels required to bring down the speed of the recording 
point when mechanical self-registers are u^ed. 

(4) The instrument should act without requiring special provision for 
bringing it to face the wind direction. 

Experiments with an anemometer (diameter of cups 3 inches, length 

of arms from axle to center of cups about 6 inches) placed with its axis 

Y 
horizontal on a whirling- machine gave the ratio m= — of the velocity 

of the wind V to the velocity of the centers of the cups r, which ratio 
Bobinson concluded to be almost exactly equal to 3. * 
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From this and a slight comparison with larger iustrnments Robinsoa 
concladed that for any windmill of that description the centers of the 
hemispheres move with one-third of the wind's velocity, except in so 
far as they are retarded by friction, and this latter he considered negli- 
gible. This ratio was adopted on Robinson's authority by all observers 
using the cup anemometer and by instrument makers in the graduation 
of the dials, by which the wind movement is read directly in miles. 
Having made the above experiment, Eobinson adopted the following 
dimensions for his standard anemometer: Diameter of cups, 12 inchesf 
distance from axis to center of cups, 23 inches. The friction was made 
very small by causing the weight of the instrument and the lateral 
pressure to be borne by friction rollers or ball bearings. 

Dr. Lloyd introduced this instrument in 1844 into his observatory^ 
and Prof. C. P. Smyth in 1846, after testiug one with 4-inch cups and 
G-inch arms, adopted one of that size for the observatory at Edinburgh, 
where it is still carefully preserved. 

(c) In 1856 a self-recording Robinson anemometer devised by Mr. 
Beckley was established at the Eew Observatory. The arms and cups 
of this instrument, which has since been known as the Kew standard, 
had the following dimensions: Diameter of cups, 9 inches; distance 
from axle to center of cups, 24 inches. In 1867 self-registering instru- 
ments of these proportions were supplied by the meteorological con^- 
mittee of the Royal Society to the observatories at Falmouth, Stony- 
hurst, Glasgow, Aberdeen, and Valencia. 

(d) A cup anemometer made by Negretti and Zambra was established 
at the Greenwich Observatory in 1859, of which the diameter of cups 
was 3.75 inches, and the distance from axis to center of cups was 6.72 
inches. On three days in July, 1860, this anemometer was tested by 
Glaisher by means of an improved whirling-machine of 17§ feet radius; 
1,000 revolutions were made backwards and forwards. When the ma- 
chine revolved in the direction opposite to the direction of rotation of 
the cups the record of the cups, reduced by the usual factor, gave 1.15 
of the velocity of the whirling-machine; when the machine was re- 
volved in the same direction as the cups 0.97 was registered. The mean 
of these results, although evidently discrepant by 6 per cent, was con- 
sidered as sufficiently confirming Robinson's theory. These experiments 
were made during calms in the open air in Greenwich Park, and it was 
not considered necessary to eliminate the effect of any wind which might 
be blowing during the experiment. 

(e) In October, 1866, the anemometer just described was taken down 
and a larger anemometer substituted at the observatory, whose regis- 
tration was made by means of a mechanical anemograph. The cups 
of this anemometer, which is still in nse, are 5 inches in diameter^ 
and the distance of the center of the cups from the axis is 15 inches. 

The accompanying Fig. 66 shows the action of this anemograph. 
The foot of the axis of the cups is a hollow flat cone bearing upon a 
sharp cone, which rises up from a cup of oil. A pinion, (7, connected 
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with the wheel-work acts in a rack, J, drawing it upwards by the motion 
of the caps. The rack is connected at the bottom with a sliding rod, 
2>, which passes down into the chamber below where it draws dp the 
pencil carrier E. The pencil jP traces its record on a cylinder revolved 
by clock-work once every twenty -four hours. A motion of the pencil of 
1 inch represents 100 miles of wind, the velocity of the wind being 
computed by the factor 3. 

(/) In respect to the dimensions of the arms and cups a wide diver- 
sity at present exists among meteorologists. The dimensions adopted 
by the London meteorological office are those of the above-mentioned 
Kew standard, as first designed by Beckley, and made in 1856 by 
Adie ; the radius of the bemispheren is, as before stated, 4.5 inches, 
and the radial arms, with reference to the vertical axis of rotation, 24 
inches. These are the largest dimensions that have come into extended 
use, and are recognized as the standard for all who use this form of 
anemometer. The radial -dimensions adopted by the Signal Service in 
1870 were those then in use by the manufacturer, James Green, of New 
York City, namely, 2 inches or 50.8 millimeters for the cups, and 6.G 
inches or 168.3 millimeters for the circle described by their centers. 
These were essentially the same as had been adopted previously for por- 
table instruments, made by London makers, and have been substantiallj' 
retained in the usage of the Signal Service, only the cups and arms have 
been made a little heavier by the more recent manufacturers for the 
Service. These are among the smallest dimensions as yet adopted for 
station use by.any Government weather bureau, the next largest being 
those of the Deutsche Seewarte, for which the cups have a radius of 2.5 
inches or 64 millimeters, and the circle described by their centers has a 
radius of 9.5 inches or 239 millimeters.* In these, and in all Robinson 
anemometers hitherto made for meteorological use, the factor 3 is in- 
troduced into the wheel-work of the apparatus, so that the readings of 
the dial are presumed to give the movements of the winddirectly in 
miles or meters. 

{g) Instead of the hemispherical cups a few trials have been made 
with conical and shallow cups. The simplest form seems to me to con- 
sist in applying the horizontal >-shaped trough described by Mariotte 
in his "Trait6 dea Eaux Courantes." tThe relative efficiency of conical 
and hemispherical cups may be inferred from the measures of Schell- 
bach (Pogg. Ann., 1871, OLXIII), who found the relative times of rota- 
tion of different cups under a constant driving force to be — 

Normal circular plato 0,^i22 

Conical cup, base forwards 0. 306 

Conical cup, apex forwards 0.282 

Hemispherical cup, concave forwards 0. 317 

Hemispherical cup, convex forwards 0. 223 

Closed hemisphere, base forwards 0. 296 

* A much smaller and very delicate portable size is made by R. Kuess &, Co., of 
Berlin, for the use of travellers. 
tSeealso Leupold Theatrum Machicarnm Generale 1724, page 136, and plate XLIX. 
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116. DEDUCTION OF THE TELOCITY OF THE WIND FROM THE INDICATIONS OF ROBINSON'S 

ANEMOMETER-ENGLISH INTE8TIGATI0NS. 

Owing to tbe complex nature of the currents of air that flow through^ 
the region within which the arms of any rotation anemometer are rapidly 
revolving, it will be readily understood that mathematical analysis has 
^iiot yet been able to satisfactorily state the mechanical relations that 
must exist between the linear velocity of the wind and the circular mo- 
tion of the vanes or cups. As, however, this relation must be known 
before the instrument can be used to get the velocity of the wind there 
have been made several comprehensive investigations into this matter. 
The present state of our knowledge of the subject can best be summa- 
rized after the reader has carefully considered the following analysis of 
the more important memoirs relating thereto, and the fullness with 
which certain discrepant results are here presented is fully justified by 
tfie mechanical difficulties and the meteorological importance of the 
subject. 

{a) Open air comparisons by Rev, FenwicJc Stow. — One of the earliest 
meteorologists to question the uniformity of the results given by diflFer- 
cntpatternsof cup anemometers was Rev. Fenwick Stow. Instruments 
much smaller than the Kew pattern having come intollse, he decided 
upon a direct comparison of these in the open air. With several styles 
of these small anemometers and a Kew pattern erected on tall poles in 
a large open field Stow made a series of simultaneous comparisons dur- 
ing 1870 and 1872.* The description of the instruments and the results 
of the comparisons are given in the following tables, in which the Kew 
pattern is taken as the standard for comparison. The figures given for 
anemometer C are the mean of the readings of two instruments, which 
agree closely with each other. All the readings are reduced by the fac- 
tor 3, no account being taken of friction. 

Comparatire observations by Eev, Fenwick Stow with large and small anemometers on high 

poles in the open air, 

DIHENSIOXS OF AN£M0M£T£R$. 



Betlgoatioii. 



A (standard). 
B 

2 

F 
O 



Pattern. 



Kew... 
Casella 



Negrettl and Zambra 



Adie 

Adie, with shortened anns 

Adie, with lengthened arms 

Adie, with longer arms and larger cnps 



Diameter 



Length of 
arm to cen- 



Of cups, terofcup 



Inches. 
0.0 
3.0 

8.7 

4.0 

4.0 
4.0 
4.6 



Inches. 

24.0 

6,7 

6.7 

6.6 
4.0 

0.0 
11.2 



_. 



Quart. Jonrn. Met. Soc, LodcIod, Vol. I, 1672. 
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Comparative observations by Hev, Fenicick Stoice with large and small anefnometrrs on higli 

poles in the open air — Continued. 

Table 1. 



1 

Mean ve- 
locity per 
hour by A 
(standard). 


Total movement of 
air according to — 


Ratio. 


Mean ve- 
locity by A 
(standard). 


Total movement. 


Batio. 


A 


B 


B 

A 


A 


O 



A 


3.0 


24 


20 


0.833 


3.0 


24 


25 


1.041 


7.4 


280 


223 


0.796 


4.1 


58 


63 


1.086 


11.0 


320 


255 


0.797 


5.8 


75 


70 


0.933 


12.9 


490 


371 


0.757 


7.4 


311 


270 


0.868 


If. 2 


400 


308 


0.750 


11.5 


1,077 


874 


0.811 


20.2 


829 


652 


0.786 


14.0 


1.136 


921 


0.810 


24.0 


336 


260 


0.774 


16.7 


602 


394 


0.785 


26.2 


420 


327 


0.778 


20.2 


829 


641 


0.773 


28.0 


126 


97 


0.770 


24.3 


877 


689 


0.783 


30.3 


364 


287 


0.788 


1)6.0 


780 


591 


0.758 


32.7 


180 


139 


0.772 


28.1 


352 


2M 


0.755 


84.8 


139 


106 


0.762 


30.3 


364 


280 


0.769 










32.7 


180 


135 


0.750 




# 






34.8 


139 


104 


0.748 



Table II. 





Total movement. 


Ratio. 




Total movement. 


Ratio. 


Mean ve- 
locity by A 
(standard). 








Mean ve- 
locity by A 
(standard). 








A 


D 


D 
A 


A 


E 


^ £ 
A 


4.1 


68 


65 


L120 










6.4 


240 


210 


0.850 










7.1 


186 


160 


0.860 


11.0 


320 


260 


0.810 


7.9 


189 


162 


0.857 


13.5 


81 


66 


0.815 


0.4 


478 


401 


0.837 


10. 


272 


210 


0.772 


11.2 


118 


99 


0.8C8 


20.2 


8-29 


600 


0.727 


13.3 


241 


200 


0.830 


. 24.0 


336 


241 


0.719 


14.2 


1,024 


832 


0.812 


30.9 


216 


149 


0.002 


15.4 


592 


482 


0.814 


34.8 


139 


86 


0.619 


17.8 


1,091 


905 


0.829 










23.2 


1,043 


849 


0.814 










24.6 


541 


432 


0.799 










27.5 


165 


126 


0.76t 










29.6 


148 


111 


o.7ro 











k 
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Comparative observation hy Jiev. Fenwick Stoice with large and small anemometers on high 

poles in the open air— Continued. 

Table III. 





Total luovement. 


Ilatio. 




Total movement. 


Ratio. 


Mefto ve- 
locity by A 
(standard). 




. 




Mean Te- 
locity by A 
(standard). 




1 




A 


F 


F 
A 


A 





G 
A 


1 
1 

7.2 


118 


101 


0.856 


9.0 


664 


608 


0.915 


8.6 


66 


&3 


0.803 


13.2 


385 


344 


0.893 


10.1 


163 


131 


804 


15.7 


1,054 


894 


0.818 


12.7 


369 


301 


0.815 


18.4 


1,694 


1,440 


0.830 


16.3 


802 


644 


0.803 










10.0 


1,123 


899 


0.800 










21.8 


262 


210 


0.801 










1 23.0 


268 


216 


• 0.806 










24.7 


371 


302 


0.815 










31.0 


96 


77 


0.802 










40.3 


141 


116 


0.822 











These comparisons showed that anemometers of relatively small size 
as reduced by the factor 3 do not agree even approximately with the 
Kew standard, except at low velocities. 

The cups of most of the small instruments registered from 15 per 
cent, to 25 per cent, less wind than the standard. 

A peculiarity of the observations is that the anemometers that have 
the smallest cups relatively to the length of arms maintain at all ve- 
locities a tolerably uniform percentage of the motion of the standard, 
while those whose cups are large relatively to the length of arms have 
a variable ratio, registering more than the standard in low velocities, 
and falling much below the standard in high velocities. As an ex- 
planation of this peculiarity Mr. Stow suggested the following: 

The effect of friction is most easily overcome by the instrument that 
at a Certain velocity of wind has (1) the greatest angular velocity, and 
(2) that acquires from the wind the greatest motive power relatively to 
the amount of friction. 

The first qualification is possessed by all anemometers with short 
arms, the second pre-eminently by those with the largest cups. Small 
anemometers ought, therefore, relatively to large ones, to move faster 
at low velocities of the wind than at high, and those which have the 
largest cups should have the fastest relative motion. 

Again, at velocities of 26 miles per hour and over, the Casella B 
moves faster than the Negretti and Zambra C, both instruments hav- 
ing the same length of arms, and the Casella the smaller cups. Mr. 
Stow suggests an explanation by supposing that the cups shelter 
one another at certain points in each revolution, and the larger the 
cups relatively to the length of arms the greater the arc through which 
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the interference will take place. For low velocities where tuuch fric- 
tion is to be overcome the larfjer cup has a greater motive power, and 
consequently a higher speed, but when power is no longer necessary, 
interference by sheltering begins to make itself felt ; anemometers D 
and E illustrate this feature. 

(h) Although the Kew was, with the factor 3, taken as the standard 
for comparison it is not to be assumed that its readings give the tnie 
velocities, so that these comparisons by themselves arc able to give only 
relative results. Later experiments, to be hereafter described, agree 
in indicating that the factor for the Kew anemometer at high ve- 
locities, where the effect of friction is a negligible part-of the recorded 
velocity, is not greater than 2.4, and does not differ much from that 
value. 

Assuming, then, that the action of a Eobinson anemometer may be 
approximately represented by the formufa F=a+6r, in which F, v are 
the linear velocities of the wind and of the centers of the cups, resi)ect- 
ively, and a and b instrumental constants, let the approximate values 
be assumed for the Kew standard, viz, 6=2.4 and a=1.50 miles per 
hour, which latter is a fair average value, and equivalent to 0.75 meter 
per second. The true velocity of the wind may then be obtained from 
the preceding tables by the equation 7=1.50+0.8x^1, where A is the 
observed Kew velocity computed by the factor 3, as above given by 
Stow in the first column of each series.of comparisons. With the values 
of V thus obtained the observations of the remaining anemometers may 
be compared, and the constants a and b of the equation given above l>e 
determined for each anemometer, so as to convert its records as well sis 
possible into standard wind velocities. 

The computations by this method give the following results: 



Anemometer. 



A (Kew)... 

B 

C 

D 

E 

F 

Q 



Diameter of 
cup. 


Length of 

arm to center 

of cup. 


a 


h 


Inehe*. 


Inchet. 


MUe* hourly. 


Mile* hourly. 


9.0 


24.0 


1.60 


2.40 


3.0 


6.7 


1.66 


8.07 


3.7 


6.7 


0.14 


3.83 


4.0 


5.6 


0.30 


8.25 


4.0 


4.0 


0.00 


3.53 


4.0 


0.0 


0.68 


3.10 


4.6 


11.2 


0.18 


8.08 

1 



By this method of reduction, if the action can be approximately rep- 
resented by the formula, the effect of friction is taken account of and 
the factor b becomes the desired anemometer factor. The resulting 
values show unmistakably the great difference between the Kew ane- 
mometer with factor 2.4 and the six anemometers of smaller patterns, 
all of which give factors greater than 3. The latter divide themselves 
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into two fi^roaps; the first, B^ JP, and O {0 was the second pattern 
adopted in 1866 at Greenwich Observatory), have arms relatively long 
with respect to the diameter of the caps; and the second, 0, i>, and D 
{C was the first pattern adopted in 1859 by the Greenwich Observa- 
tory), which have arms relatively short with respect to the diameter of 
the cups. In the first group the factors are a little greater than 3, and 
have so small a range that they may be considered as identical results. 
In the second group the factors are considerably larger and have a 
greater range. In this group the smallest factor is 3.25, and the largest 
belongs to the anemometer -B, whose arms are very short relatively to 
the diameter of the cups. This result bears out the suggestion made 
by Mr. Stow that, for the latter group, the cups shelter one another in 
a large part of their rotation and so lose a portion of the wind force. 
A practical rule derived from these observations would seem to be that 
the diameter of the cups should never be greater than one-half the dis. 
tance from the axis to the center of the cup. 

(c) Experiments ofJeffery and Whipple — Whirling-machine in open air. — 
In 1872 the meteorological committee of the Hoyal Society allowed to 
Mr. Scott a grant for defraying the expenses of a series of whirling- 
machine experiments on anemometers of diflTerent patterns. These ex- 
periments were made by Mr. Jefltery and Mr. Whipple, respectively the 
director and first assistant of the Ke w Observatory, by means of a steam 
"merry-go-round'^ at the Crystal Palace. 

The anemometers were placed a little beyond and above the outer 
edge of the machine, so as to be as far as practicable out of the way of 
the disturbance in the air caused by its own rotation. As the machine 
would go round only one way the cups had to be taken off their spin- 
dle and replaced in a reverse position in order to reverse the direction 
of revolution of the anemometers. The motion of the wind during 
the experiment was determined by observations of a dial anemometer 
with 3-inch cups on 8inch arms, placed about 30 feet from the out- 
side of the whirling-machine. Let V be the linear velocity of transla- 
tion of the axis of the anemometer, W that of the wind, and 6 the angle 
between the direction of motion of the anemometer and that of tha 
wind ; then the resultant velocity of the anemometer at any point in 
its whirl relatively to the wind will be 

m 

and a correction must be applied to the observed velocity v to take 
account of the attendant wind TT. A negative correction should also 
be applied to V to take account of any induced air current or vortex 
motion set up by the rotation of the machine itself, but in these 
experiments this effect was assumed to be small and so not investi- 
gated. 
Three anemometers were tested, namely : One of the old Kew stand- 

sia 87, PT 2 18 
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ard pattern, one by Adie, and Kraft's portable anemometer. The dl 
mensions are as follows: 



Pattern. 


Diameter of 
cups. 

Inches. 
9.0 
2.5 
3.3 


Length of 

arms from 

axis to 

centerofcap. 


Distance from 
axis of ma> 
chine to ane- 
mometer. 


Kew 


Inches. 
24.0 
6.7 
i.l5 


Fest. 
22.3 

20.7 
10.1 


Adie 


Kraft 





With each anemometer the experiments were made in three groaps, 
with high, moderate, and low velocities, respectively, averaging about 
28 miles per hour for the high, 14 for the moderate, and 7 for the low. 
Each gronp was divided into sets according as the caps rotated in 
the direct or reverse directions. In the former case the rotation of the 
anemometer and the '^ merry" were opposite, and in the latter case 
the same. The object of the experiment was, of coarse, to compare the 
mean velocity of the centers of the caps with the mean velocity of the 
air relatively to the anemometer. In the redaction of these experiments 
by Professor Stokes (Proc. Roy. Soc., Vol. XXXII, 1881) the velocity of 
the anemometer, i. 6., of its spindle, is increased by the effect of the wind 
velocity W in order to get the resaltant relative velocity of the wind 
and the anemometer, which is the total impelling force. The mean 
effect of the wind will be different according as we sapi>ose the mo- 
ment of inertia of the anemometer very small or very great. If the 
moment of inertia be supposed to be small, and if TT, as is practically 
the case, be small as compared with V, the expression 



V r2-.2 VWcosO^W^ 



W 



may be expanded in a series of ascending powers of -^ j odd powers 

will disappear in taking the mean and fourth, and higher powers may 
be neglected. 

Professor Stokes finds that the resultant velocity Vi will be approxi- 
mately 

y,=F+fporr,= F+j -yr 

according as the moment of inertia of the anemometer is small or large. 
The registered velocity is that obtained from the velocity of the caps by 
employing the usual factor 3, noting in this process that the true num- 
ber of rotations of the cups is given by adding the number of revolu- 
tions of the "merry" to the number of apparent revolutions of the cups 
when the rotations of the anemometer and the machine are in the same 
direction and subtracting when in opposite directions. 
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Tlie results of the experiments at moderate and high velocities are 
given in the foUpwing table^ where the percentages indicate the ratio 

-y. Thus the Kew anemometer cups rotating in a direction opposite 

to that of the whirling ** merry " gave velocities that are 122.6 per cent, 
of the true linear velocity of the axis of the anemometer. 

The experiments with low velocities were rejected owing to their 
irregularity, due to the fact that the machine could not be regulated to 
a uniform low velocity. 

Crtfital Palace expenmenU, 



Anemometer. 


Direction of 
rotation. 


High velocities. 


1 
Moderate Telocities.; 

1 


Moment 

of inertia 

amalL 


Moment 

of inertia 

large. 


Moment 

of inertia 

small. 


1 

Moment 
of inertia 
large, j 


Kew 


Opposite 

Alilte 


122.6 1 121.0 ' 115.1 


113.2 


Adie 

Kraft 


118.4 \ 117.5 109^.7 


108.5 


Mean 

Opposite 

Alike 




120.5 1 119.7 112.4 


110.8 , 


95.1' 94.2 
98.0 j 97.3 


88.5 
82.6 


86.8 
81.0 


Mean 

Opposite 

AUlse 

Mean 




9(1.5 j 95.7 1 85.5 


83.9 


101.5 
100.8 


100.8 
99.4 


89.1 
87.8 


8a9 




86.0 


101.1 


100.1 i 88.4 


86.4 

1 



From the internal agreement of the individual numbers whose aver- 
ages are given in this table the probable errors of these mean percent- 
ages are deduced as follows: 



Anemometer. 


For high 
Telocities. 


For low 
velooitiea. 


Kew 


1.0 
1.5 
0.9 


2.7 
2.0 
1.8 


Adie 


Kx»ft 





As the registered velocity is computed by using a simple factor with 
no friction term the difference between the results for moderate and 
high velocities may be attributed to this omission, and the discrep* 
ancy between the two cases may fairly serve to indicate the amount 
of error arising from the neglect of a friction term for velocities like 
those of these experiments. 

In whirling-machine experiments it is to be noted, moreover, that 
there is a lateral pressure on the anemometer axis, arising from centri* 
fugal force and gyroscopic action, which does not exist in the normal 
action of the stationary anemometer; if possible this ought to be allowed 
for« since the resulting friction, which is not constant but proportional 
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to y^j must sensibly reduce the registered velocity, and consequently the 
experiments will tend to give too large a valae for the anemometer 
factor represented by b in the preceding article. With this exceptien 
the results of the experiments at high velocities should give a good in- 
dication of the approximate value of b. Therefore for the Kew pattern, 
which is the one adopted by the meteorological office at London, the 
factor to be recommended is 2.5 less the effect of the various frictions 
at the velocities of the experiments. For the two smaller instruments 
the experiments indicate a factor very nearly 3, but for the coefficient 
of the Kraft anemometer the result of Scott's observations does not cor- 
respond with the larger values obtained for the somewhat similar ex- 
perimental anemometers Nos. C, D, and U in the comparisons by Mr. 
Stow. 

{d) Robin sofCs theory. — The experiments of Dohrandt (see next sec 
tion) led Dr. Robinson to re-examine the theory of the cup anemometer, 
and as a result he published in 1873 a new investigation, the substance 
of which is as follows : 

A correct theory of the anemometer must equate the impelling force 
of the wind to the sum of the various resistances which oppose it. These 
resistances can arise only from the action of the anemometer itself on 
the air and the friction of its parts; and therefore F, the velocity of the 
wind, is a function of t?, the velocity of the cups, and Rj the sum total of 
the resistances. 

The nature of this function can not in the present state of hydro-dy- 
namics be completely determined, but a conception of its form may be 
obtained. Suppose the wind at velocity F to be incident on an anemom- 
eter cup at an angle, 0, with its arm. 

If a cup has the velocity v the resultant relative velocity of the wind 
and the cup is 

i7=Vy«+r»:f:2Ft?sin^ 

the negative sign belonging to the case when the cup is moving with 
the wind, and the positive sign to the case when the cup is moving 
against the wind. 

This resultant makes with the radial arm bearing the cup an angle, % 
such that 

V 

tan (^sstan d=f ^ sec 

The first approximation to the resultant impelling pressure of the 
wind upon a cup will therefore be 

ai U^ sin tp 

in which the coefficient a depends on the size of the cup, the length of 
arm, and the density of the medium. 

As an equal arm carries on the other side of the axis an equal cup 
but in a reversed position, the action of the wind on its convex surfoce 
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will oppose the pressure on the first cup, and the resultant moment, act- 
ing on the axis, will be the difference of the two pressures acting with 
the leverage of the radial arm. The difference of the pressures will be 

ai sin 9( V^+v^-2 Vv sin ») -Oa sin q){ V*+v^+2 Vv sin 6) 
=8in 9?[(ai— aa) ( F*+i^)— (ai+/ia) x2Vv sin S] 

This force is opposed, first, by the moment of friction at the centers of 
the cups; secondly, by the moment of resistances depending on v^y of 
which the chief are (1) the resistance of the air to the arms, and (2) the 
reaction on the cups of the air thrown outwards by centrifugal force. 

When these opposing forces balance each other on the average of a 
complete rotation the angular velocity of the instrument will be con- 
stant, except for small periodical fluctuations, whose effects are lessened 
by increasing the moment of inertia of the anemometer and by in- 
creasing the number of pairs of cups, e. g.j two pairs instead of one. 
If we could find the mean values of ai sin 99, aa sin 9, ai sin sin 9, and 
a% sin ff sin (p through a revolution we could express this state of per- 
manent motion by the equation 

aY^''2/3Vv-yv^-B=0 (I) 

in which the resistances R can be obtained by experiment. 

As the resistances which are proportional to v^ may be combined in 
the term yv^j R may be approximately replaced by F or the total fric- 
tion of the moving parts. Then, solving the equation with respect to F, 
there results 






The coefficients a, /3y and y are functions of the areas of the cups, of 
the length of arms, of the density of the air, and of the angle (p. As 
functions of 99 it is possible that or, /3j and y may vary with F, but the 
form of the expressions indicates that any such variation would be 
small and may be neglected in the first approximation. Therefore, for 
the same instrument, a, y^, and y may be considered to be constant co- 
efficients. 

If we have a series of observations with whirled anemometers in 
which F (which now becomes the velocity of the axis less the current of 
air in the room), v, and F are accurately known, we may determine by 
least squares the values of a, y^, and y. If, then, the residuals be ar- 
ranged according to the ascending values of v, they will indicate whether 
the assumption that the coefficients are sensibly constant is true within 
the limits of the errors of observation. This was done by Bobinson in 
his discussion of his elaborate experiments wich a whirled anemometer 
made, by him at Dublin, and no dependence on t; was indicated. He 

adopts the notation 

F c V 
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where p is the factor for redacing to a standard density of the air, and 
writes the above expression (I) in the following form : 



rf=a^2fiS-yS' 



(11) 



Dr. Sobinson plotted his observations, using tj and S as variables, and 
found that the best smoothcurve to represent the observations is either 
accurately or very approximately a straight line, whence 7=0'— 2)5'f, 
and the term yS^ or the coefBcient y is inappreciable. If this latter 
form of the equation is trae it leads to a very simple equation for the 
action of these cup anemometers when stationary in the open air, t. e., 

in which h depends on the friction of the instrument and a varies with 
the length of arms, diameter of caps, and density of the air. 

(e) Bobin8an?8 experiments. — In order to test his theory and to evalu- 
ate the constants of his formula, especially for the standard Kew pat- 
tern anemometer, Dr. Bobinson made some careful whirling-machine 
experiments at Dublin. The whirling apparatus was erected in the 
large dome of Mr. Howard Grub's optical establishment at Bathmines, 
the least diameter of which dome is 42 feet, and the height to. the sum- 
mit of the dome also 42 feet. 

The vertical shaft of the whirling-machine was placed in the center 
of the dome with its horizontal bar at a height of 14 feet from the floor. 
The anemometers were attached to the end of this bar with their axes 
pointing outwards horizontally instead of vertically, so that the centers 
of the cups revolved in vertical planes tangent to a vertical cylinder 
9.077 feet in radius. The cups were therefore 12 feet from the walls 
and, in the lowest case, 12 feet from the floor. 

The anefDometers tested were the following: 



Designation. 


Diameter of 
cop. 


Length of am 

from axis of 

revolation to 

center of onp. 


I (Kew) 


Jnehea, 
9 

4 
9 

4 


24 
24 
12 
12 


n 


TTT r. 


IV 





(ei) The mean velocity of the current of air set in motion around the 
room by the whirling of the machine itself and the revolutions of the cups 
must be subtracted from the computed velocity of the anemometer cen- 
ter in order to get the true relative velocity with which the wind strikes 
the air. It was therefore measured in the following way : A rod of 
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deal one-fourth of an inch square and 23 feet long was suspended hori- 
zontally by a fine thread from the summit of the dome. In order to pre- 
vent bending it was braced by other threads fastened 4 feet above it to 
the vertical thread ; a light balloon, about 8 inches in diameter, was sus- 
pended at each end, so as to hang about 4 feet below the rod, with their 
centers on a level with that of the anemometer and 14 inches outside the 
plane of revolution of the cups. The suspension thread of the rod was 
23 feet long, and its force of torsion was insensible in these experiments. 
The balloons therefore revolved with sensibly the same velocity as the 
horizontal component of the air current that prevailed at their level 
and location, and the observation to be made consisted in timing their 
velocity for given velocities of the whirling-machine and attached ane- 
mometer. The velocity of the air current at the balloons was not, 
however, the same as that in the exact plane of the anemometer cups, 
which was the velocity desired. Dr. Robinson assumed that this latter 
can be obtained by multiplying the observed velocity of the balloons 
by a factor obtained on the assumption that the velocity in any part of 
the vortex created within the dome is inversely as the square of the 
distance from the center of the whirling-machine, an assumption which 
was confirmed by the velocities of the balloons at two distances from the 
anemometer of 14 and 30 inches, respectively. 

The observations gave values for TT, the velocity of the induced cur- 
rent, ranging from 7^ to 10 per cent, of the value of the velocity Fof 
the anemometer center, but Dr. Robinson states that this determination 
is perhaps the weakest portion of the whole investigation. 

Besides the great uncertainty of the reduction just described there is 
still an additional source of error in the assumption as to this data 
given by the balloons. The quantity desired is the velocity of that 
component of the induced current that lies in the plane of revolution 
of the cups at the moment when they overtake air set in motion by the 
whirled anemometer at some point in its preceding circular path. Dur- 
ing the time of one whirl, however, the impulse given to the air at any 
point has to some extent been used up against resistances, and a dimi- 
nution of velocity has resulted approximately proportional to the time 
occupied by the whirl. When the whirling is slow the air may come 
to rest and the anemometer may meet still air at the beginning of its 
successive whirlings, but with greater velocities of the whirling-ma- 
chine the residual velocity of the induced current at the end of each 
whirl increases. For high velocities any periodic variation in the 
velocity of the induced current at the end of the whirls probably be- 
comes inappreciable. For a radius of whirl of 9 feet, as used by Rob- 
inson, at a velocity of 30 miles per hour, the anemometer center makes 
one rotation in 1.3 seconds. For this velocity any i>eriodicity in the 
horizontal component of the induced current must be inappreciable. 
But for velocities less than 20 miles per hour a sensible periodic vari- 
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atiou may exist, aud the residual or mininioin velocity is tbe one 
reqaired, because it is the velocity of the air when it is met by the ane- 
mometer. The method of observation, however, does not give the min- 
imum value, but one much larger, larger even than a mean value ; for 
the inertia of the solid rod and other parts of the measuring apparatus 
being greater than that of the air itself, their velocity is less quickly 
overcome by resistance, so that at the end of a whirl the measuring 
apparatus is moving with a velocity greater than that of the average 
induced current. 

For these reasons, therefore, the computation of the velocity of the 
induced current as made by Robinson tends to give too large results at 
any but high velocities. That such was actually the case is well illus- 
trated by the following table, giving the measured velocity W of the 
revolving balloons (assumed to be the same as that of the induced cur- 
rent) as a percentage of the velocity T^of the center of the whirling 
anemometer : 



V 


1 
W 


W 

r 


Komber of 
obflerrationa. 


Miles per hour. 


Mike per hour. 


Percent. 




29.53 


2.21 f 


7.5 


8 


27.15 


2.13 i 


7.8 


8 


25.40 


2.02 


7.9 


8 


21.66 


1.62 , 


8.4 


7 


19.71 


1.60 


8.6 


7 


15.19 


1-37 


9.0 


7 


12.57 


L30 1 


10.3 


5 


10.40 


1.04 


10.0 


4 


8.70 


0.92 


10.6 


4 



The relative velocity of the induced current, as measured by the bal- 
loons and rod, is seen to increase steadily with decreasing velocities of 
the whirling arm, a result that is consistent with the preceding anidysis 
of the nature of the error introduced by using so heavy a moving appa- 
ratus. The current that actually affects the anemometer is probably 
less than that shown by the balloons, so that a correction for an induced 
current of 7.5 per cent, for high velocities of the whirling-machine, with 
a diminishing percentage for lower velocities, would probably give val- 
ues nearer to the truth. 

Such a diminishing correction would be given by the formula 

iu which ^ is the value of V, at which W begins to be appreciable, and 
b 

W 
b is the ratio -~ at high velocities. 
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In the equation 

aV'^-^2/3V'v^yv^=iF (Ill) 

F' represents the relative velocity* with which the wind strikes the ane- 
mometer, and in whirling-machine experiments in a room protected from 
the wind, is equal to F, the velocity of whirl of the center of the ane- 
mometer less Tf , the velocity of the induced current. 
{€2) Determination of a : Making v—0 in the above equation we have 

F 

where V^' is the wind velocity at which the cups just begin to turn, and 
when F is known the velocity may be made the subject of direct experi- 
ment. 

(6^) Determination of fi and y : Examining the anemometer equation 
(II) it will be seen that ft and y can not be determined accurately in a se- 
ries of ordinary experiments because of the very small variation of ^. To 
overcome this difficulty Dr. Robinson applied to the anemometer a brake 
apparatus by which the fiiction could be increased to any desired amount, 
and thus S increased to any extent. This friction brake consisted of two 
rubbers made of stout cloth, which were pressed with adjustable force 
against the opposite edges of a friction disk attached to the axis of the 
anemometer. The friction thus applied caused neither vertical nor 
lateral pressure on the supports of the shaft. When, therefore, the brake 
was made to act it merely added another friction F^ without altering 
that acting from normal causes. 

The normal friction J^, when the axis of the anemometer is held hori- 
zontally while being whirled, is threefold, and may be designated as 
follows: /', or that due to the weight of the axis and cups; f\"+f%'j or 
that caused by the lateral pressure of the axle on its bearings, produced 
partly by the resistance of the air and partly by the force which is re- 
quired to change the plane of the anemometer's motion as it turns with 
the whirling apparatus ; /"', or that due to centrifugal force, pushing 
the axis outward against its bearings. 

/' and/i'' exist in the regular meteorological use of the anemometer, 
when its axis is vertical and has no motion of translation; f%" and/'" 
are incident to Bobinsou's method of mounting the anemometer on the 
whii ling-machine. 

bo tar as possible these various frictions were directly measured by 
Dr. Robinson and expressed in grains weight. 

The brake friction F^^ and the friction /', due to the weight of the 
anemometer, were obtained by the process used by Atwood in deter- 
mining the constants of his well known machine. The results of the 
observations of the brake friction are given in the following table, in 
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which B is the load on the brake in oances (minus 200 grains, the force 
required to bring the rubbers into contact) : 



1 B 

* 


F 


Ouneu, 


Orauu. 


3 


284.7 


6 


574.3 


9 


84L7 


32 


1,006.1 


15 


1.347.0 


18 


1,50X5 


24 


2.028.9 


30 


2,55&0 


36 


3.031.1 



On account of the long axis, its horizontal position, and the weight of 
the brake apparatus /' was much larger than its amount (22 grains) in 
ordinary instruments with axes vertical. For the different anemome- 
ters the following results were obtained: 



1 Anemometer.. 


1 


1 

1 

. I 


GrainM. 

113.2 


In....:.::.;... 


101.3 
201.3 
18&0 


HI 


rv 


1 



The lateral friction /t'\ produced in the ordinary use of anemometers 
by the wind pressing the anemometer axis against its bearing, and in 
Bobinson's case by similar action of the resisting air, must be propor- 
tional to the areas of the cups iP and the square of the relative velocity 
of the wind and the anemometer caps, omitting the consideration of the 
arms and the axis so far as exposed; it may be represented by the ex- 
pression 

Its effect, therefore, will be merely to diminish a and /3 and to increase 
y; but — 2&F't?-f e^ is probably small in comparison with the first term, 
so that the pressure is approximately € V^d^. The value of € was sub- 
jected to experimental measurement and found to be, for 9-inch cups, 
.004400 ; for 4-inch cups, .001387 ; and the resulting friction is 

/i''=£r'2x4.71 

The gyroscopic friction fj'^ according to the principle of the gyro- 
scope,* is proportional to Vvy and therefore its effect is merely to nu- 
merically increase the value of ft] its absolute measurement was not 
attempted in Bobinson's experiments. 

* See article Gyroscope, by General Barnard, in Johnson's New Cyclopadia. 
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In the rotation of the anemometer on a whirling-machine the centrif- 
ngal force gives rise to an ontward pressure, w)iich must be resisted by 
some stop, and produces there the friction f". 

This pressure varies as Y\ but, without sensible error, may be taken 
proportional to P*. The resulting friction could therefore be included 
in the value of or, but in order to have the experiment applicable to sta- 
tionary anemometers and real wind, where f" does not exist, Dr. Rob- 
inson measured it and added it to the other friction terms. 

For each instrument the following results were obtained: 



1 

Ajiemometor. 


p"' 


I 


F*X log [8.56260] 
X log [8.46338] 
X log [8.S3793] 
X log [6.401S8] 


II 

in 


IV 





The friction was then obtained by Dr. Bobinson from the formula 

in which for two different sets of friction rollers the values of a and h 
were, respectively, 

a=5.823 &=:0.127 

and 

a=:2.501 6=0.051 

(64) Direct experiments to obtain the value of a resulted as follows, 
noting that a is proportional to the areas of the cups. 



Aoemoineter. 



i I... 
II. 
Ill 
IV. 



a 


Barome- 
ter. 


Thennom- 
eter. 


11.896 


29.77 



73.5 


2.316 


29.63 


62.0 


12. 107 


29.83 


67.0 


2.502 


29.66 


75.0 



No. of ob* 
Mrvatloiia. 



17 

13 

11 

6 



[Redaced to the deutlty of air preTailiog for HI and IV.] 



I.. 
II. 



12.383 
2.288 



29.66 



67.0 
75.0 



17 
13 



For various reasons the value of a for Anemometer lY is not consid- 
ered by Dr. Kobinson to be of as much weight as the determinations 
for the other three instruments. In the computation of each one of the 
observations the corresponding observed value of W was introduced. 
Much better results would doubtless have been obtained if the com- 
putations had been so conducted that for any given velocity Fa normal 
computed value of W could have been used as before suggested. 
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{€s) After this preliminary work the whirling experiments with each 
anemometer gave for different amounts of friction the quantities 






F 



in equation (II), where for Fis taken the sum Fg-^-f+f'^ and where /i" 
and /%" are left to modify the resulting values of the coefficients a, /?, 
and y. 

The friction//' exists equally in the normal use' of the fixed ane- 
mometer, and therefore the resulting values of the coefficients a, /3j and 
y, so far as affected by /i^', will hold good as anemometer constants. 
The friction fz'^j which affects the value of /S^ is peculiar to the whirl- 
ing-machine, and does not occur in a fixed anemometer. Its effect on fi 
is, however, probably small, and within the limits of the errors of ob- 
servations and of the uncertainties of the other observed frictions. 

As a, /3y and y are functions of the density of the air equation (II) 
can be placed in the form 

Tf=:ao—2/3oS^yfiS^ 

in which ao, /?09 and yo are the values for a standard density, and where 

F 

Tj has now the value -m ] P ^^ ^^^ coefficient for reduction to standard 

density. 

This is an equation between two variables, tf and S^ and from their 
values, as given in Kobinson's experiments, the constants aoj/3ojyo may 
be obtained. This was accomplished graphically by plotting the ob- 
served values of t^ and S> The plotted observations for Anemometer 
No. 1 were found to be best represented by a straight line. This re- 
sult corresponds to the equation 

in which the term yoS* does not occur as being insensible. Restoring 
the values of ;; and S we now have 

This equation implies that the coefficient of that part of the resistance 
which depends on v^ is relatively inappreciable, a result of BobinsoD's 
observations that was a priori not improbable. 

The observations with Anemometer III gave the following values foi 
ao' and /?o^ under the assumption that here also y=:0. The standard 
density to which they are reduced is not stated ; the results are given 
for several groupings, according to the velocity v. 





t<5. 


i;>5<9. 


v>9. All. 


< 10. 00 

^0' ! 11. 64 

1 


11.31 
12.77 


11.55 1 9.99 
13.04 { 10.93 



(e^) Upon comparing these computed values of ^o' with the measured 
values given in the preceding table Dr. Hobinson decided to adopt 0.9 
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of the latter as tbe more reliable valaes, and with these the observations 
of Anemometers I and III were recompnted by the complete three-term 
formula, and gave the following results for the air density correspond* 
ing to barometric pressure 29.83 and temperature 67^ F. : 

Anemometer III : 

a=10.90 /?=11.88 y=+1.60 

Anemometer I : 

a=:10.71 /?== 12.49 y=-0.15 

With these values the limiting value of — , when J^=0, becomes for 

Anemometer III, 2.24; and for I, the Kow Anemometer, 2.32. 

The plotting of the observations with Anemometers II and IV showed 
discordances too great to admit of determining valuable results. This 
failure of these observations arises from the fact that the impelling force 
a(V'^+::^) was only one-flfth of that for the anemometers with the 
larger cups, while the frictions were nearly the same. 

V 
The resulting limiting value of -- for an ideal frictionless Kew ane- 
mometer, namely, 2.32, agrees very well with the experiments by Scott 

Y 
and Jeffery, at the Crystal Palace, which gave the value of - - with the 

friction included, as 2.50 at high velocities. 

(/) Sobinson subsequently compared the above Anemometer I now 
called El , and other experimental anemometers set up in the o^n air 
with his permanent Kew standard; but first he entirely modified his 
above computation of tbe induced wind, the friction, and the quantity a, 
recognizing the mistakes of his hypotheses, and adopted the formula 

y ooo, 0-355 
-=2.831+-^ 

for his stationary Kew. With this new assumption he deduced from the 

V 
open-air work the following ** limiting value" for the ratio —- for the six 

experimental anemometers when v is infinite or when friction is zero. 



Radii. 



Anemometer. 



Cope. 



; Limit 



Arms. 



JSfi 

s% 

E% 
Ea 
Ei 
Et 



Inches. 
4.5 


Inches. 
24 


4.5 


12 


4.5 


8 


2 


lae? 


2 


20.75 


6. 


23.17 



2.826 
3.163 
4.047 
4.961 
3.436 
2.820 



{g) Conclusioih —From all this there results absolutely no determina* 
tion, not even for the Kew pattern, of the true value of the ^^anemom- 
eter coeflBcient," but abundant evidence that it varies .with the absolute 



286 REPORT OF THE CHIEF SIGNAL OFFICER. 

and the relatiTe dimensions of the iustrnment and with the velocity of 
the wind and density of the air. 

117. IKTBSTI6ATI0X8 OF BOBINSOIf'S AKBMOMETEB AT ST. PETEBSBUB6. 

In 1873 M. Dohrandt, of the Central Physical Observatory, undertook 
a series of whirling-machine experiments for the purpose of obtaining 
an empirical determination of the relation between the velocity of the 
wind and that of the caps in different patterns of Robinson's anemom- 
eter. 

Previous to Dohrandt's work, Professor Wild had made one exi)eri- 
ment, in 1871, in whic)i an anemometer was exposed upon a railroad 
train in free air, but the labor attendant on similar railroad experiments 
was so great that Dohrandt decided to confine 'his work to the whirling 
apparatus and supplementary open-air comparisons of anemometers on 
the roof. Dohrandt's work extends over the years 1873 and 1874, and 
was taken up again in 1878; in 1882 the experiments were somewhat 
extended on the same plan by Stelling. The principal difference in the 
work done during these ten years was a steady increase in the veloci- 
ties obtaihed by the whirling-machine, which, at first, was driven by 
hand, then by water, and finally by a gas motor, by which the highest 
velocities attained were equivalent to a wind of 70 kilometers per hoar 
(19.44 meters i^er second). 

(a) Tlie apparatus and method. — ^The whirling-machine proper was 
established in the center of a hall whose diameters were 8.36 and 8.19 
meters, and whose height was 8.03 meters at the center and 6.88 meters 
at the side. 

The anemometers were fixed in their normal vertical position at the 
extremity of the horizontal arm x>f the whirling-machine, whose whole 
length was 6.88 meters, and whose center coincided with the center of 
the room. The vertical axis of an anemometer thus adjusted described 
a cylinder whose radius was 3.323 meters. The plane of the whirling 
arm was 6.19 meters above the floor, and when an anemometer was 
fastened to it the cups usually came within about 0.45 meter of the 
roof at the sides of the room, and the axis of the anemometer came to 
within 0.8 of a meter from the walls. In such close proximity to the 
walls the anemometers were not under conditions similar to an expos- 
ure in free air. niK>n this point Dohrandt writes as follows: 

On the ODe hand the indaoed current that is produced by the rotation of the appa- 
ratus is diminished by friction ou the walls and ceiling ; on the other hand the air 
thrown out centrifugally by the cops of the anemometer can not flow away with per- 
fect freedom. 

In the course of his long series of experiments anemometers of differ- 
ent sizes and various patterns were placed successively upon the whiri- 
iug-machine. In each experiment the whirling apparatus was rotated 
in opposite directions, I^SW., and KWSE. 

(6) Preliminary work. — The most important investigation, preliminaiy 
to the final reduction of the observations, consisted in the detennina- 
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tiou of the general motion of the air in the path of the caps induced by 
the whirling of the anemometers. To this end a Woltmann's anemom- 
eter was x>ermanently established in the plane of rotation of Robinson's 
cups, with its axis so turned as to measure the horizontal component of 
the general motion of the air. Kear this was placed a large and very 
light tablet anemometer, which also indicated the force of the same tan- 
gential component. The comparison of these instruments showed the 
presence of strong impulses, which could not be considered as existing 
in the air at any point at the moment preceding the passage of the ad- 
vancing anemometer. In order, therefore, to obtain a more correct 
measure of the average condition of the air immediately in fh)nt of the 
anemometer a tablet anemometer was placed upon the opposite ex- 
tremity of the whirling arm of the machine. The apparatus was now 
revolved, (1) without the Bobinson anemometer, and (2), with the Rob- 
inson anemometer. The difference between the indications of the tablet 
anemometer in the two cases represents the velocity of the induced 
current caused by the whirling of the cup anemometer. The result of 
experiments with velocities of 11 to 20 kilometers per hour gave the 
motion of the induced current as probably not more than 5 per cent, of 
the velocity of whirl of the axis of the cup anemometer. This result 
was Checked by allowing small balloons, so weighted as to stay nearly 
at the level of the whirling- machine, to move freely around the room. 
They generally described a half and in favorable circumstances some- 
times a whole revolution without departing much from the path of the 
anemometers, showing a general movement of the air of 5 or 6 per cent. 
of the velocity of rotation. As the experiments with different anemom- 
eters placed on the machine gave very nearly the same result Dohrandt 
adopted a general correction for "mit-wind" of 5 per cent, in all his 
work. 

Since by the introduction of centrifugal forces the circular motion 
of the anemometer might possibly affect the relation between the ve- 
locity of the cups and that of the machine special experiments were 
made with the anemometers whirled in circles of different radii. The 
following table presents the results thus obtained : 



Anemometer. 

1 


RoUtionNESW. 


Rotation NWSE. 


Mean. 


«i 


bi 


as bt 


a 


b 


Electrical register No. 4. . 
Nowikof 

Electrical register No. 4.. 
Nowlkof. 


Radius of whirls3.323 meters. 


2.411 
1.570 


0.242806 
0.367455 


2.855 
2.357 


0.278540 
0.487783 


2.618 
1.908 


0. 259448 
0.419154 


Radius of wbirl»2.253 meters. 


1.935 
2.011 


0.235450 
0.330971 


2.491 
2.837 


0.312941 
0.588566 


2.208 
2.829 


0.268726 
0.414560 
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In this table the last two columoB give for the two radii 3.323 aiid 
2.253 meters the resulting coefficients a and b in an empirical anemom- 
eter equation, r=a+5ny where n is the number of cup rotations in a 
unit time and v is the relative velocity of the wind. 

Although the constant term a is quite different, yet the factor b does 
not vary for long and short radii more than 1 per cent. With the 
shorter radius the anemometers were farther from the walls of the 
room; the effect of this, however, is not specifically mentioned by Doh- 
randt, who concluded that reliable results might be obtained with the 
radius 3.323 used in his observations, and that this method of experi- 
ment, by taking the arithmetical mean of opposite rotations, gives 
results not very different from what would be obtained if the anemom- 
eters could be moved in straight lines instead of circles. 

The large differences given by Dohrandt in the above table and in 
all his work for the results of rotations in opposite directions arise at 
least in part from the fact that he uses the number of apparent rotations 
of the cups instead of the number of true rotations; the latter are ob- 
tained by adding to or subtracting from the recorded rotations of the 
cups the number of rotations of the whirling-machine according as the 
machine revolves in the same or opposite direction to that of the cups. 

In the reduction of his observations Dohrandt assumed that the ve- 
locity of the wind could be obtained from the motion of the cups by the 
empirical formula 

v=:a+bn+cn^+ etc. 

where v is the velocity of the wind, n the number of true rotations of 
the cups, and a, by and c constants to be determined by the experiments. 
For four anemometers Dohrandt computed the coefficient, using both 
two and three terms of this formula (but using the apparent n); the 
resulting differences showed that with the use of three terms the ob- 
served values were represented with considerably greater accuracy 
than by the use of the first two terms only, and that the first or friction 
constant was evidently then much nearer the truth ; but on account oi 
the material increase in the labor of computation and the only slightly 
increased accuracy, and because the unreliability of the third term 
would be more largely felt in applying the formula to velocities beyond 
the limit of his experiments, Dohrandt adopted the formula with two 
terms, v=a+bn or =a-f b^, where k is the velocity of the center of the 
cups, and v that of the wind (i. e., that of the whirl less 5 per cent for 
<<mit wind") in kilometers per hour. 
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(c) First results. — The results of experimeots iu 1873 aod 1874 are 
presented in the follovring two groups : 

JL — Constanta obtained hy crperimenia with the whirUng-machine, 



Anemometer. 



Browuiu;; 

Sfowikof 

Caaolla No. 318 

Casella No. 317 

Electrical register Xo. 4 .. 



1 
r 

Meters. 


n 


a 


n 


Meters. 




0.3030 


.0742 


3.66 


2.2271 


0. 2187 


.0478 


1.81 


2.8979 


0.1717 


.0382 


1.90 


2.8742 


0, 1715 


.0383 


2.56 


2.7M8 


0. Id51 


.0522 


2.49 


2.5293 



Where r=radius of circle described by center of aneuiouieter cup, 
1^= radius of hemispherical cup. 

II. — Constanta obtain^ by comparisons in free air on the roof. 



Anemometer. 



Adie anemograph 

Vregut:t anemograph . . 
Marino anemometer . . 



r 


B 


a 


B 


0. 6100 


0.1040 


S.23 


2.144 


0.2709 


0.0542 


3.60 


2.501 


0.1535 


0.0467 


3.08 


2.548 



Compared with — 



Browning. 

Do. 
Casella No. 31& 



(d) Second series. — In 1877 and 1878 Dohrandt made a much more ex- 
tensive series of experiments with the whirling-machine and also of 
comparisons on the roof. The computations were in all cases pedbrraed 
with both the two-term and the three-term formula above giveu. The 
details of the work were substantially as follows : Three sets of cups, 
whose sectional areas were to each other as 1, 3, and 5, were suc- 
cessively attached to three sets of arms, giving values of r, the length of 
arm to center of cup, in the ratio of 1, 1^, and 2. In this way the equiva- 
lent of nine anemometers was secured, for all of which the same regis- 
tering apparatus was used. The radius of the whirling-machine was, 
as in the former work, 3.323 meters. The apparatus was rotated in 
opposite directions and an allowance of 5 per cent, for the velocity of 
the induced current was uniformly made, as in the previous work. 

The mean results are presented in the following table, iu which a-z^Bi^ 
(hj B:ij and C3 are the constants computed by the two- term and three- 
term formula, respectively, t. e., i?8=a2+.Bi* and Vti^a^+B^k+C^Jc^ 
siG 87, PT 2 19 
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in. — Ohterved oo^fieimti in the anemometer f<nv^ula. 



Anemometer. 


r 


B 


flfl 


£t 


at 


B» 


(h 


I 


0.8000 
0.8012 
0.3005 
0L2256 
0.2258 
0.2251 
0.1400 
0.1507 
0.1606 


.0364 
.0619 
.0804 
.0864 
.0619 
.0804 
.0864 
.0619 
.0804 


2.21 
2.88 
2.12 
2.36 
2.64 
2.38 
1.81 
L66 
a 71 


2.8872 
2.8033 
2.2816 
2.7237 
2.8706 
2.8256 
2.5871 
2.4687 
2.6826 


0.81 
0.89 
0.62 
0L92 
L42 
1.80 
0.70 
0.95 
0.07 


8.2608 
2.0485 
2.6609 
8.0067 
2.6362 
2.5561 
2.8790 
2.6806 
2.5248 


-0.01963 
-0.02926 
-OL 01857 
-0.01804 
-a 01100 
-0.00055 
-0.01829 
-a 00609 
+0.00266 


u 


TTT , , , 


rv 


V 


VI 


vn 


VFIT ___,.,,. . 


IX 





Dohrandt conclades that the three-term formula has a decided advan- 
tage in accuracy over the two-term formula, and from the fact that the 
coefficient Ca changes its sign from negative in No. YIII to positive in 
No. IX he concludes that between these two sizes of instrnmentis there 
must be a size (one having a short arm and large cup) for which C3=0, 
and for which, consequently, there subsists a linear relation between the 
velocity of the cups and the velocity of the wind, or where the two-term 
formula would be rig9rous. Not being able to deduce any simple nec- 
essary relation between the factors Bz and O3 and the dimensions of the 
anemometer Dohrandt adopted the following empirical expression for Bgi 

The followiug .values of ai^ fii^ and yi were determined from the obser- 
vations of the above anemometers : 



aj= +3.0133 



/?!=— 53.7367 



Xi= +1033.81 



With these coefficients the observed and computed values of B2 are as 
follows : 

lY. — Ohaerved and computed anemomster coefficients. 




Btiob- 
servod). 


Bt (com- 
puted). 


A=obe- 
oomp. 


Pep 
cent. 


2.8872 


2.7962 


+.0010 


3.2 


2.3033 


2.4970 


-.1087 


4.3 


2.2816 


2.8367 


- 641 


2.3 


2.7237 


2.7334 


— 97 


0.4 


2.8796 


2.8984 


- 188 


0.8 


2.8256 


8.8227 


+ 28 


0.1 


2.6871 


2.6191 


— 820 


L2 


2.4687 


2.3154 


+ 1533 


6L2 


2.6826 


2.6114 


— 2S8 


1.1 



From this table Dohrandt concluded that the constant Bz is repre- 
sented by the above formula to within ± 2 per cent, of its own viJae, and 
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can therefore be computed with that degree of accaracy for any other 

anemometer for which the ratio — lies within the limits of his experi- 

r 

ments. 

Besides the nine experimental anemometers Dohrandt repeated for 
several ordinary anemometers the determination of their constants both 
by the whirling-machine and by comparison on the roof, with the fol- 
lowing results. 

V. — TVkirling-nuusliine eiperimenis o/1878. 



Anemometer. 



Browning 

Ca8ellaNo.318 

Electrical regiater No. 4 

Salleron 

Schnlt«eNow2 

SchnltzQNo.5 



E 



02 



Meterg. 

0.3030 
.1717 
.1551 
.1562 
.2177 

0.2194 



Metert. 

0.0742 
.0382 
.0522 
.0521 
.0476 

0.0474 



3.83 
2.62 
3.24 
3.06 
2.84 
2.51 



JSt (ob- 
served). 



2.200 
2.736 
2.431 
2.441 
2.506 
2.519 



Si (com- 
pated). 



2.379 
2.631 
2.388 
2.392 
2.566 
2.571 



VI. — Boof compari80n8 of 1878. 



Anemometer. 


r 


72 ai(oI>- 
^* served). 


.Ba (ob- 
served). 


Bi (com- 
puted). 


Compared with~ 


Adie anemograph 

Adle anemograph — 
Bregaot anemograph . 
Bregiiet anemograph . 
Manro anemograph. .. 
Schaltae-Oettingen . . . 


0.6100 


0.1046 


2.08 
5.48 
2.66 
3.66 
L58 
0.62 


2.30* 

2.06 

2.50 

2.43 

2.33 

2.47 


2.38 
2.38 
2.56 
2.56 
2.33 
2.94 


Browning. 
Schnltse No. 6. 
Browning. 
Sobnltae No. 5. 
Sohnltse No. 5. 
Schnltse No. 5. 


0.2799 


0.0542 


0.6082 
0.4399 


0.1159 
0.1492 



The last column shows wbich of the two substandards was used in 
deriving the data for tbe observed a2 and B2. 

The anemometers, whose constants were observed in 1873 only, show 
tbe following agreement \iith the constants computed by Dohrandt's 
formula : 

VII. — CompitiHson of cofmjgui^^ and observed coefficients. 





(observed). 


Bt 

(computed). 


C&sella No. 317 

Nowikof 


2.755 
2.898 
2.548 


2.629 
2.665 
2.459 


Marine No. 4 



From all these Dohrandt concludes that, except for Browning and 
^Nowikof, the computed Bz agrees as closely with the observed value as 
iu the case of the experimental anemometers, and that in general the 
constant B^ can be computed with a certainty of ±3 per cent. 



M 
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(e) TJdrd series, — Id 1882 Dr. Stclling renewed this iurestigalioii, aud 
by using a gas motor was enabled to obtain velocities of 70 kilometers 
per hoar, or mncli higher than those attained by Dohrandt. He re- 
newed the investigation as to the amount of the induced current so far 
as to confirm the previous result that it is proportional to the velocity 
of the whirling-machine ; he therefore adopted the same 5 per cent, cor- 
rection. The results of his experiments, computed by both the two 
and three-term formula, are contained in the following table: 

VIIL—Iieaults of camparisowa by Stvlling. 



Anomomoter. 



Caaolla No. 318 0.172 

Schadewell Vo. 2 

Richter 



r 
0.172 


R 


ttf 


Bt 


as 
l.OC 


Bz 

3.23 


(h 




0.038 


3.G4 


2.C5 


0.02379 




0.201 


0.043 


4.24 


2.71 


0.41 


3.48 


0.02803 




0.265 


0.050 


3.G3 


2.65 


2.36 


2.80 


O.OO&Vi 


• 



118. COMPARISON OF BE81LT8 BT STOW AND DOHBANDT. 

* 

The following table contains (1) the constants obtained from the ob- 
servations of Eev. F. Stow, given in detail in section 116, by assuming 
as the equation of the Kew anemometer F=1.60+2.40r, and (2) the val- 
ues of B2 computed for the same anemometers by Dohrandt's formula: 



Anemometer. 



A, Kew standard 

B, Catiella (Grccnwicli Obsorvntory) . . 

C, Ke{;reUi and ZamLra 

I>, Adio 

E 




For the Kew anemometer the value of B2 is nearly the same in botli 
cases, but for all the other anemometers Dohrandt's formula gives val- 
ues very different from those resulting from Stow's comparisons, dis- 
crepancies too large to result from any error in the assumed value for 
the friction term a of the Kew standard. The irregularities in the Last 
column seem to me very likely to arise in part from the fact that ano- 
mometers in the open air (as were those of Stow) are subject to very 
local and large irregularities in the wind, so that this is not a refined 
method of comparing them, unless the observations extend over a pe- 
riod long enough to include equal amounts of wind from all directions. 

Again, the Ca«ella anemometers tested by Dohrandt were identical iu 
size with the anemometer B of Stow's comparisons, whence the ane- 
mometer -B, reduced by Dohrandt's observed constants for that instra- 
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iiient, may be used as a standard to obtain the constants of the other 
instraments in the following manner: 

The values of B2 obtained for the Gasella anemometers in th*e St 
1 Petersburg experiments were as Ibllows : . 

1873, Gasella No. 3l7, 2.755. 
Gasella No. 318, 2.874. 

1878, Gasella No. 318, 2.736. 

1882, Gasella No. 318, 2.650. 
Using the mean of the values obtained in 1873 there results for the 
Gasella velocities F=1.37+2.814t?„, with which as a standard Doh- 
randt has computed the constants for the remaining anemometers com- 
pared by Stow (see Wild, Bericht iiber Anemoraetrie, 1879). The re- 
sulting values for the Eew anemometer were £2=1*09 and 03=2.48; 
this value of B2 differs largely from that obtained by Dohrandt for the 
similar instruments, "Muuro^^ and "Adie," in his comparisons of 1878 
(see Table VI), and from the value 2.34 derived from his formula. 

This failure of the English observations to harmonize with Dohrandt^s 
work is sensibly greater than the discrepancies appearing in the dif- 
ferent parts of the St. Petersburg work itself. For example, in the 
latter work the constant B2 for Gasella No. 318 ranges in the different 
determinations from 2.65 to 2.87 and that for the Adie anemograph 
ranges from 2.06 to 2.30. These differences in the results at St. Peters- 
burg may arise partly from errprs in the experiments and comparisons 
and partly from the fact that the empirical formula 

F=a2+i?2V 

does not represent with sufficient accuracy the equation of the anemom- 
eter. In fact, the agreements as to the factor for the Eew pattern must 
be considered as partly a matter of chance, and neither English nor 
Bnsslan experimenters can be held to have as yet established a constant . 
coefficient, ^29 for anemometers in the open air reliable to within 10 per 
cent, of its own value, though possibly the relation between the coeffi- 
cients for different anemometers may have been fixed to within 5 per 
ceni;. by the Russian investigators. 

It is evident that further exi)erimental work is needed, and the ex- 
periences here detailed show that arrangements must be made to use a 
larger series of sizes and ratios in the dimensions of the cups and <arms, 
and that the effects of such gusts as occur in open-air exposures, of 
lateral friction in anemometer spindles, of direction of rotation and of 
whirl, of the length of the whirling arm, of proximity to walls and 
obstacles, and of induced currents must be more carefully studied. 

Finally, it is evident that as " eddy " friction can be greatly reduced by 
selecting a fair-shaped body for high velocities, while viscous friction 
and instrumental friction can not possibly be avoided, therefore our 
object should be to diminish the former, and with it the term depending 
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on 17^ To accomplish this I mast repeat my suggestion that >-8hape<l 
troughs or hemi-cylinders, open at each end and with their axes placed 
radially, will, as shown by Edgeworth (Phil. Trans, 1783), make an 
eqnally effective anemometer, whose theory and formnla mast andoabt- 
edly be mach simpler than that of the Bobinson hemispherical cap form 

119. TH!E8EN*8 THEOBT OF THE ACTION OF THE BOBINBOIf CUP UNE^OMBTER, 

In connection with Dohrandt's experimental investigation Thieseu 
conducted a mathematical study in order to acquire at least a rational 
formula whose constants can be deduced from proi)er experiments and 
by the use of which the deduction of the wind velocities from the ob- 
served data might be made more reliable. In this work he was only 
partially successful and continued failures to accomplish this result 
must be regarded as indicating that the working of the instrument is 
too complex to allow of attaining high accuracy in the results and that 
it is very desirable to adopt some simpler apparatus, as suggested at 
the close of the preceding section, which will offer an equally efficient 
instrument and a simpler hydrodyuaraic problem. However, the wide 
use of the cup anemometer makes it important that all possible light 
should be thrown on its mode of action, therefore the following conden- 
sation of the elaborate an<alysis of Thiesen is here given : 

Let vbe the linear velocity of the center of the cups. 
w the linear velocity of the wind; 

V 

c the ratio-. 
to 

> r the distance of the center of the cups from the axis of rotation, 

the so-called arm of the anemometer. 

22 the radius of curvature of the liemispherical caps. 

y the resultant velocity of the wind and the cups. 

y 

the ratio i~. 

6 the angle at which the wind meets the arm of a cup. 

^the angle which the resultant of moving wind and cap makes 

with the arm of a cup. 
B the density of the air. 
(a) For the anemometer cup at rest the normal pressure is propor 
tional to eicFB?F{d)^ if we consider only fluid friction and neglect vis- 
cosity and the elasticity of the air. 

When the anemometer cup is in motion thie pressure is proportional 
to ei(^€^B^F{tl))^vi)ieiTQ F(0) and F(ip) are uadetermined functions of 
the angle between the wind and the surface of the cups, and we omit 
any resistance, such as viscosity, depending on the first power of the 
velocit}'. 

If the point of application of the pressure be assumed to be at the center 
of the cups the moment of the gyratory force will be £M^g*iPJP(^)r. 
This, when summed for the four cups and neglecting friction, is equal 
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to the prodact of the poment of inertia if of the instrument around 

its rotation axis into the acceleration ^ of its angular velocity. 

Becalling that 

dd_v_tcz 
dt'^r^'r' 

we have, after multiplying by dff, the equation 

J^zdz^BiD^fr:B?F{^)d0 (I) 

For a condition of equilillrium or uniform steady motion the accelera- 
tion must be zero, consequently the left-hand member must vanish and 
we shall have 

0=f^g^F{fp)d6 (U) 

(b) Assume that z may be considered approximately constant during 
a rotation, which will be more nearly the case the greater the moment 
of inertia and the greater the number of the arms. 

From the geometrical relation subsisting between v^ Wj y, 0^ and ^ 
when z is constant we have 



and the vanishing integral takes the form 

0== r- fF{f)d4, (iijj 

Jo vl— 2!^sin*y; 

This integral is to be develox)ed. 

F{ip) is a function which may be develox>ed in sines and cosines of 
multiple arcs. 

Since J?'(^)=-F(— ^) the sines disappear from the development, and we 
may place 

F(i/}):=Ao-hAi COS 1P+A2 COS 2^+ etc. 

in which the constants A are known quantities to be determined from 
experiments on the pressure of the wind on inclined surfaces. We have, 
therefore, to evaluate the sum of a series of integrals of the form 



Jo Vl-a» 8in» f 



in which q is known in terms of z and tf> from the following eqaation de- 
rived firom the simple composition of motions : 

3= ^1—5;* sin* tp^z cos ^ 
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Sabstitutiug this viiluo of q 

c7-„= r^'dtp cos n^f l+«»+2a» cos 20-« cos ^x^^=SiS=^^^ 
Jo V V 1— «* sin» y 



If we place 



Jo ^1-^ sin* f 



and recall that J J will vanish when n is odd, then J„, except Jo and J2, 
vanishes when n is even. For odd values of n 

'/n= -|[^V^+3+^'.-,)+3( J^+,+ J'..,)] 

The value of J J is obtained by a development of the radical in 
powers of :^. If we place c*=4a*, then is 

L>;r ' ^ ^ 4 ^ 8 ^ 16 ^ 32 ^ 

1 7/ 1^2. 12 -.75 -.392 .,1890,0. 
— — JJ=z —a^A- — a* -I — 11^4-— r — ft' 4- ft* 4- 



.;^-^'= 



2;r 






3a4+3^ o«+ ^^® a.4. 1080 w 
5 a«+ ^6 „.^. 405 ^,. 



10 



32 



a"+ 



'2}t 



J«'= 



and therefore 
1 



64 



2;r 



Jo=l+4ft2 
4ft* 



»v-= 



If o^ 3 n 2. 3 . , 66^9 , 434 ,, , 

— _«/,= — «jft — —d**— ..-d'— — ft'+ — ft*+ ft -4- 

2n- ' 2 8 16 ^ 32 ^ ISn ^ 



- '-- J.= 



5 



»> 



TT 






16 



32 



64 



tiTt ^ 
1 T « 



7a»+?lftHi^a«+^^^ft"+ 
8 ^16 ^32 ^ 64 ^ 



9^_. 
16 



.a^+ |a^+ 



62 
64 



ft»+ 



— ft* 4- ft* 4- 

•>*^ ^64 



• • 



Since, in general, a is equal to about one-sixth, we raa}^ neglect the 
terms involving vaUies beyond its third power. 
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Tiic Equation of coiiditiOD becomes then 

0=^Ao-3aAi+^a^{Ao+A2)-ia\3Ai'\-5A2)+ . . (IV) 

from whieb, when Ao, ili, etc., are known, a is easily computed^ whence 
results the desired value of the ratio a?, if it be really constant, i. e. : ^ 

z=2a • (V) 

(c) To this value a number of corrections are applicable: 
First. A correction due to the fact that z is not constant, as previously 
assumed, but is a periodic function of 6. For a four-armed anemometer 
Thiesen makes this correction to the average value of ;? to be a factor of 
the form 1— a^e, where 



a=. 



M 



and 6 is a factor whose value may be determined. 

Second. A correction depending on the inaccuracy of the assumption 
that the point of application of the wind pressure is at the centers of 
the cups, whereas it is at a variable distance from the center depending 
on the angle ^, and may be expressed by the form J{tp)R) for r in 
formula (I) we have, therefore, 



[i+T^w] 



Developing in sines of multiple arcs the term — drops out and leaves 

T 

for the first approximation a term in — ^, neglecting higher powers. 

The correction therefore to the average value of «i may be expressed 
in the form of a factor 

where 6 is to be determined from the observations. 

Third. A correction due to the resistance of the arms of the anemom- 
eter. This introduces into the right side of the differential equation (I) 
a term containing their dimensions, and the correction to the expression 
for 2 is shown to be a factor of the form 



C-'IO-f)] 



in which p is the thickness of a sectiofi of the arms. 

{d) The assumption that the wind pressure is strictly as the square of 
the velocity continues as a first approximation, and therefore these 
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three correction factors give the following expression for the ratio of the 
mean rotation velocity of the cup centers to the velocity of the wind : 

.=2a[l-«».+6f_cg(l-f)] (VI) 

in which a, by c, and e are constants, positive with the exception of 6, 

whose values remain undetermined, ar=— ,-,-• e=the density of the air, 

' M 

R the radius of hemispherical cups, r distance from axis to cup cen- 
ters, M the moment of inertia of the instrument around its axis, and p 
the mean thickness of the arms. 

(e) Up to this point the frictional forces have not been considered, and, 
in so far as by them z is made a function of the velocity itself^ our problem 
(to determine the mean wind velocity for any period without the knowl- 
edge of the velocity prevailing at each moment) is, from an analytical 
point of view, illusory. These frictional forces have a double origin 
and consist of the viscosity of the air and the frictional resistances 
within the anemometer ; the former is neglected by Thiesen, the latter 
is approximately assumed by him to be proportional to the velocity 
of rotation tcz. The coefficient of friction is made up of two parts: 

(1) That due to the weight. of the instrument (neglecting the slight 
effect of inclination of the wind to the horizon) and which is constant ; 

(2) that produced by that component of the wind pressure on the cups 
which passes through the axis, and thereby develops lateral friction on 
the side bearings of the spindle. Since this part is produced by the 
pressure of the wind it is proportional to v^.* The resulting total mo. 
ment of the two frictions is therefore of the form — i(72r()(J4-yir*), where 
P and^ approximately, y may be considered as constant.* The differen- 
tial equation (I) for determining z by adding this term becomes. 

zdz=.a\yi{tp)^z^^^de (VII) 

The effect of this friction term is to add to that term in the develop- 
ment of (fF{tl)) in z and that contains the first power of z independent 
of ^, the quantity 

w ^ 
where, for simplicity, we have inserted 



€rl£' ^ erR 



* If TbiestMi bad also considered the compressibility and the viscous friction this 
would have added to the term given in paragraph (a), others depending on the tem- 
perature of the air, on the surface or perimeter of the cnpsi and on the first poirer 
of the ratio q] hut omitting this it results as above. 



REPORT OF THE CHIEF SIGNAL OFFICER. 299 

Now, the coefBcient of z in the development of ^F{i/)) eqoals 

-Bin fl-P(^)~2 cos eF{d) 

and the constant term is — Ai, or for an n-armed anemometer -^nAi, 
To Ai , therefore^ mnst be added the quantity 



K^^") 



This is consequently also required in the equation (lY) which deter- 
mines a. Thus a becomes 



«[i-K^+^'"')] 



where <2 is a factor to be determined by the observations; neglecting the 
higher powers of the quantity multiplied by d there results 

3 J 

= 

aaAi-^Sa^Ao—Ai) +2^\3Ai+5A^) + etc. 

For very small wind velocities near or below that for which the an- 
emometer begins to move the assumption made above as to the friction 
does not hold good. For if the friction forces are strictly proportional 
to the velocity of rotation the anemometer could not come to rest. A 
small constant term must therefore be added to express the general prin- 
ciple that the work done by the extraneous forces must not be less 
than a small positive quantity^ if the anemometer is to keep in motion. 
Taking this into consideration there results for the dependence of z on 
the wind velocity w the following: 

ITp to a certain small value of to, z has the constant value zero; then 

it rapidly increases until for «?=^^it has reached the value 

z=:2a{l---2d y/pY) (VHI) 

all which follows from the fornuila for z that holds good at these values, 
viz: 

^=2a[l-d(f +r'«')] (IX) 

From this maximum value z again diminishes, and for w=:(X) vanishes. 
The consideration of instrumental friction in the theory of this ane- 
mometer shows that the instrument can never give precise results, for as 
soon as z has to be considered as dependent on tr, the object of the instru- 
ment becomes (analytically) unattainable, or, in other words, without 
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tlic knowledge of the wind velocity i>revailing at each moment, it is im- 
possible to obtain the mean velocity for a period of time. It is only 
possible to give certain limits, between which the mean wind velocity 
must lie. 
(/) If the wind velocity w is dependent on the time t we have J*/t€dt, 

for the total movement in any period T, and the mean wind velocity 

w~/:''wdt 

This is the quantity that is to be determined by the cup anemometer. 
Observation gives the number df anemometer tarns during this period, 
and thence, by multiplying by 2;rr, is obtained the path traveled by tlio 
centers of the cups at the average velocity F, 

TV^J'/wzdi 

In order that in general W shall be determined by V then there must 
exist between w and z only a relation of the form 



404) 



for only in this case can one integral be expressed by the other without 
involving indeterminate quantities. 
In this case W=h+iV; but Dohrandt's observations give 



therefore 



^=i[l-^+/l^^)] 



W=h+iV^^/;wf(t€)dt 



or 

_ h+iV 



W: 



l+foW 



where all that can be said of the value of^fo{w) is that it must be be- 
tween the largest and smallest values which the function /(w) can 
assume, and that it is conditioned by the way in which w depends on t 
Upon these limits, between which /(to) can vary, depends the accuracy 
with which W can be determined; but if the variations of the velocity 
of the wind are rapid and exceed a certain limit the accurate determi- 
nation of the mean wind velocity becomes impossible. 

This result of Thiesen's thoughtful study confirms the conclusion 
stated at the close of section 118 as to the necessity of seeking to so 
modify the cups as to make the rotations depend less than now on the 
square of the relative velocity. 
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l*JO. RUTATION ANEMOMETERS AT SKA. 

The force of tbe wind at sea is estimated almost universally by mari- 
ners in terms of the Beaufort scale (see Chapter XIV). In this scale 
as originally used the object of observation is the varying effect of the 
wind on the sails of sailing vessels, and experienced seamen are able to 
observe such relative effects of the wind with great precision and 
uniformity of rQsults. With the introduction of steam-ships, however, 
the amount of sail and its appearance no longer continues to be an index 
of the wind velocity, and the observer is unable to designate the proper ^ 
Beaufort number with the accuracy previously attained. It is there- 
fore desirable, if possible, f o measure the wind velocity instrumentally. 
To this end experimental observations on shipboard have been made 
with the Bobinson anemometer,* the general result being to indicate 
that, under proper establishment and supervision, good results may be 
obtained. 

(c) SmyWa method. — The first systematic application of the Edge- 
worth-Eobinson anemometer to observations at sea was devised by Prof. 
0. P. Smyth (see the Transactions of the Boyal Society of Edinburgh, 
XVI, p. 455) in 1847. Having tested a number of cup anemometers 
and (issured himself that the best radii for the cups and the arms were 
about 2 and 6 inches, respectively, he proposed to observe the apparent 
direction of wind on shipboard, the anemometric velocity, the ship's 
direction, and its velocity per hour. Then, to avoid computations, he 
proposed the following mechanical device for resolving the parallelo- 
gram of motions. 

Let AB, in the accompanying Fig. C7, represent the direction (towards 
which) and the velocit;y of the ship's motion, as set off on a graduated 
bar, to which the movable bars AC and BC are hinged at A and B^ re- 
spectively. Set AC 80 that the angle CAB is the apparent bearing, viz, 
the relative direction from which the wind appears to come. Adjust 
the angle CBA so that BC shall cross AC at that point on the scale ^C 
that corresponds to the apparent wind velocity. Then will the angle 
CBA be the true bearing from which the wind is coming, and the length 
CB as giyen on the scale will be the true velocity. The bearing CBA^ 
added to ftie direction frqp!i which the ship is moving, will give the 
true direction from which the wind comes. 

{b) Welshes metJwd. — An early proposition for the use of the Bobinson 
anemometer at sea is due to Mr. Welsh (see the Beport of the British 
Association, 1856, II, page 38). The following is an extract from a let- 

* The moro important references are to the following memoirs : 

MoiiN| H. : Den Norske Nord-Atlantiske-Expedition, 1876-78. Meteorologie. 

Christlania, 1883. 
KYKATSCnEW, M. : Beobachtnngeu dor Riohtang and Starke des Windes aaf Schif- 

fen. Repertorinm fiir Meteorologie, Bd. 8, 1881. 

* Waldo, F. : Anemometer Observations at Sea, Signal Service Monthly Weather 

Review, p. 31, January, 1887, 
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ter addressed by him to the chairman of the Kew committee, describing 
his method: 

By means of a portable Robmson's anemometer, provided with a means of observ- 
ing the total number of tarns made by the rotating part in any given time, observe 
the apparent velocity of the wind and record it in knots per boor. By an anemo- 
scope of any kind register the apparent direction of the wind. From the log-book 
take the rate and direction of the ship's motion. On a slate or other similar surface 
scratch a permanent compass circle. Set off from the center of the circle on the 
radins of the direction of the ship's head by any convenient scale the number of 
knots per hour the ship is going. From this i>oint draw a pencil line parallel to the 
direction of the wind as observed by the anemoscope (i. e., the apparent direction to 
which the wind is going). Set off on this line the number of knots per hour as shown 
by the anemometer. Draw a line from the center of the circle to the last point. Fhe 
length of this line by the scale adopted gives the true velocity of the wind, and its 
direction (carried backwards) shows the point from which the wind is coming. A 
parallel mlor divided on the edge is all that is required besides the slate. It would 
be easy enough to contrive some mechanism to save the trouble of drawing the lines, 
but it would nofc, I believe, be any real simplification, and would increase the expense. 
The train of indicating wheels might be so arranged that they at once indicate knots 
per honr without reference to the table, and can readily be set to zero for a fresh 
observation. 

[Note. — The author's expression, ''knots per hour," has been retained here, al- 
though it is tautological, as a knot is a velocity of 1 nautical mile per honr, and 
therefore nautical records are kept in *' knots" simply.] 

(c) The following is a fuller development of this ^subject, based partly 
on the works of Bykatschew, Mohn, and Waldo: 

The direction and velocity of the wind as felt on board a ship in mo- 
tion are, in general, both different from the true direction and velocity, 
owing to the motion of the vessel itself. From the observed direction 
and velocity the true result is to be computed. 

Let the rate and direction of a vessel (see Fig. Gd) be indicated by the 
line oi, then this motion acts to produce a head-wind, whicli will be 
represented by ad. If the true wind is blowing with velocity and direc- 
tion oc the resultant apparent motion of the air felt on board will be ae. 

Observation having given the apparent wind velocity w the rate of 
the ship Sy and the angle y^ between the direction of the apparent wind 
and the course of the ship, the true wind velocity W may be obtained 
from the triangle tide, either by numerical computation or geometrical 

construction* , • 

Convenient formulae for the solution of the triangle are given by ordi- 
nary trigonometry, viz, compute ^(a— /?) from 

tan £(«-/?) =i;^ cot ^^y=- — cot ly 

Thence a is found from fjr=i(ar— /3)+90O— J;/; thence the full velocity of 

the wind is found from 

sin y_ sin y 

W=^8— — -=^tc -. — ^ 

sm ac sin fi 



REPORT OK THE CHIEF SIGNAL OFFICER. 303 

In casea where the apparent wind direction y is not observed, bat, 
as is asnal in ships' logs, tlie actual direction /?, either true or mag- 
netic, is estimated by observations of waves and froth, we have the 
formula 

T^^= a/«?3— ««-f.«2 cos*"^— « cos /? 

where y5 is the angle between tUe actual direction of wind and the 
course of the vessel. 

The apparent wind direction may be observed with the compass by 
turning the face .to the wind and projecting this direction on the com- 
pass csinl. The apparent direction of the ^moke, or of a vane or pen- 
nant attached to the mast or to a pole, may be also similarly observed 
and transferred to the compass. 

The true rate of the ship is determined by nautical methods. Small 
errors in the observed quantities, as well as In the observed wind ve- 
locities, introduce corresponding errors in the computed true wind 
velocity. 

The preceding analysis considers only the effect of the forward motion 
of the vessel on the apparent velocity as observed on board. 

If this velocity is measured by a Bobinson anemometer its indica- 
tions will require special corrections for the rolling, pitching, and slew- 
ing motions of the vessel and the average careen. 

( L) Angle of roll and pitch. — If the anemometer spindle is fixed to the 
vessel, and rolls and pitches with it, then it is continually oscillating 
about an average position through an angle depending on the type of 
construction and the loading of the vessel and the roughness of the 
sea. The average careen of the spindle, depending on the direction 
of the wind and on its force, introduces an error, since the anemome- 
ter is standardized only with its axis vertical. If the anemometer is 
liung on gimbals, so that the wind does not tip it, then its axis 
oscillates only slightly and around a vertical position. By thus mount- 
ing it the error incident to the careening of the spindles is approxi- 
mately eliminated. 

(2) Linear roll and pitch. — In proportion as the anemometer is distant 
from the center of oscillation of the vessel it is carried bodily to and 
fro through the air, and the linear distance thus traveled, by reason of 
the pitching and rolling, is addecL to the effect of the wind. The amount 
of this oscillation may be measured by apparatus devised by Antoinc 
( 1878), and by methods of reduction due to Bertin (1874), also by an ap- 
paratus due to Madamet (187G), and by a still better one due indpend- 
ently to W. Fronde (Brit. Assoc. Adv. Sci., Report, 1872, II, page 243), 
and to Admiral Paris (see Revue Maritime et Coloniale, 187G and 1887). 
By methods there given the amount of the motion may also bo expressed 
approximately by an empirical rule, which gives the average angular 
movement of vessels of different types and for different conditions of 
the sea. Knowing the average angular movement the linear movement 
at the anemometer may be approximately computed. 
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(3) Slewing and suoinffing, — The movemeuls of Ibc vessel called '^slew- 
ing," as it glides down the side of a wave, and the movement called 
^'swinging," when the vessel rides at anchor, introduce slight additions 
to the path of an anemometer that may be generally neglected, bat if iu 
any special case it is desired to measnre their effect this may be approxi- 
mately done by establishing anemometers at the same height above the 
sea, but at the stern, centre, and prow of the vessel, namely, at three 
different distances from the axis of angular motion. 

(4) Altitude and location, — ^The determination of the wind velocity at 
several altitudes above the land shows a steady increase in velocity up 
to considerable heights, which increase is usually attributed to the 
frictional resistance or drag of the air on the ground. It is desirable 
to determine the relative velocity of the wind at different altitudes 
above the ocean, but anemometers placed at different heights on the 
vessel, even if the exposures be perfectly comparable, are differently 
affected by the rolling and pitching, and these must be fully allowed 
for before any inference can be drawn as to the relative velocities ot 
the wind. If the effects of rolling and pitching are proportional to the 
total angular movement a and to the heights d, d'j and d" above the 
center of buoyancy then the records ^io? -^.i, andils of three anemome- 
ters will be 

Ao:=:^Wo+ad Ai=W'+ad' Ai=W'+ad'' . . (1) 

where Tro, W, and W" are the true wind or apparent winds at the tliree 
heights. 

With these conditions is to be combined the law according to wbicb 
the wind velocity diminishes. This law may be either an increase pro- 
portional to the height or it may be an increase such as the ordinate of 
a parabola bears to the abscissa. 

For the first case we have 

W =[1+ /3{d' ^d)]W lP'=fl+/^(d''-^Z)]iy 

If the parabolic law be preferred, we have 

W'=rW[l+/3WdP-y/d)] 

9 

By substitution of either of these in the preceding equations (I) we 
obtain three equations with three unknown quantitiesr Wj y5, and a. If 
a has been determined, as in paragraph (2), we need only two equations- 

Owing to the interference of sails, pipes, deck-houses, and the hull ot 
the vessel the lower anemometer should be at a considerable elevation; 
for example, at the cross-trees, and in any case the sails should be 
furled when a determination of /3 is attempted. 

(5) If it is desired to determine at sea not only the horizontal move- 
ment, but also the vertical component due to any possible slight incli- 
nation of the wind, then an arrangement that could possibly give an 
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approximate determinatioii would seem to be attained by the establish, 
meat at two altitudes of the triple anemometer described at the end of 
section 122 on analyzing and integrating apparatus. 

191. ANALTZI!i'6 AND INTBeBATIKfi ANIM0METBB8. 

Besides the temporary direction and velocity of any wind meteorology 
also needs the resultant direction and movement of all the winds that 
have blown during any given period. 

This can be obtained by the numerical analysis and composition of 
the different winds or by a graphical process or by mechanical analysis. 

(a) Oraphic metJiod. — In the graphic method, which is the simplest, 
the given directions and movements of the wind for any interval of time 
are plotted, as illustrated in Fig. 69, which shows that a particle mov- 
ing with the wind would, during a given time, have described a path, 
abcd^ , and finally stopped at o. The straight line ao is there- 
fore the resultant, both as to length and direction. If during this time 
the wind has several times blown irom the same direction, as shown by 
the plotted lines, these may be numerically added together before draw- 
ing the diagram. Therefore the most expeditious method of graphic 
construction consists in adding up all the movements for each direc- 
tion, thus forming a rose of wind movement ; then subtract the move- 
ments that are directly opposed, such as the north from the south, east 
from the west, ete., and combine the remainders together. When the 
actual movement has not been measured it is customary to assume that 
the velocities in all directions have been the same, and thus make the 
total movement of wind for each direction proportional to the length of 
time during which the wind has blown from that direction. 

{b) Lamberfs method. — The numerical method proposed by Lambert 
in 1777 is exactly equivalent to the preceding graphic process. Let a be 
the inclination of any wind to the meridian, counting westward from the 
south to the point from which the wind blows, and m the corresponding 
total movement of that wind. Then will the resultant of all winds be 
for the meridian movement 2m cos a, positive southward; for the prime 
vertical movement 2m sin a, positive westward. Hence the bearing 
and length of the resultant total movement are given by 

^ 2m sin a 

tan p= ^^ ^ ' ^ 
^ ^m cos a 



R=: y/{2m sin af-\-{2m cos af 

(c) The mechanical method. — Analyzing anemographs have been de- 
vised to facilitate the above computations, and are described by Kadan, 
Wheatstone, Du Moncel, Kuhn, and Laughton. 

Iji Beaudoux's and various modifications of this form the relative 
duration of each wind is recorded by surrounding the shaft of a wind 
vane with a horizontal circular trough divided into compartments corre- 
Sia 87, PT 2 20 
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spending to tho wind directions and which are saccessi'vely presented to 
a fixed spont, from which sand flows a^t a nniform rate. The quantity of 
sand in any compartment indicates the duration of the corresponding 
wind direction without regard to its velocity. 

In LomonosofTs register, which, however, never worked successfully} 
it was designed that the flow of mercury, instead of sand, should vary as 
the velocity of the wind; therefore the quantity of mercury in any com- 
partment would be a measure of the total movement for the correspond- 
ing direction. A similar idea is embodied in Craveni's and Goddard's 
registers, in which the pressure of the wind regulates the flow of grain 
and water, respectively3 into the compartments. 

Von Oettingen. — The only analyzer at present in active operation 
that takes account of wind velocity and fully represents Lamber&s for 
mula is that devised by von Oettingen. In this construction the ver- 
tical spindle of a Bobinson anemometer gives a continuous register of 
winds from all directions. Connected with the lower end of this spindle 
is a horizontal plate that revolves with a velocity proportional to that 
of the wind. Upon this plate there roll and slide four rollers, whose po- 
sition upon the plate is determined by means of a wind vane. These 
rollers, by their friction on the plate, are sot in rotation by it with veloci- 
ties depending upon their positions, and as these latter depend upon the 
wind vane their resulting motions are directly proportional to the north, 
south, east, and west components. The rotations of the four roUeroare 
recorded separately by electric contacts upon a sheet of paper. 

For a full description of the rather complex apparatus see von Oet- 
tingen, Wind-Component-Integrator, Beportorium fdr Meteorologie, vol. 
5, 1887, § No. 10. 

The records of this anemograph give directly the total east, west^ 
north, south movements, which are equivalent to the elements required 
in Lambert's formula for computing the resultant wind. 

Stanley. — A simpler form of integrating anemometer is described 
(Quarterly Journal Boyal Meteorological Society, 1883, Yol. IX, page 
208) by A. Stanley, but it seems that this has not yet been constrocted. 
In this form (see Fig. 70) the vertical axis a of a Bobinson anemometer 
is so attached to a wind vane that it describes a cylinder about the shaft 
of the vane which carries it, and which is the principal vertical 
axis jt; of the analyzer. The pressure on the Bobinson's cups and axis 
a is sufficient to keep the latter on the leeward side of jjjj even without 
using additional vane wings. At the lower end of a is a disk-wheel, b) 
and below that a Hooke's universal joint, d. The disk h communicates 
the weight of a and the cups to the friction wheels cc, so that a moves 
with great freedom. The joint d turns the rod dy whose lower end rests 
upon an agate bearing, t, attached to t&e axisj^', and moving with it^ so 
that {, d, and a are always in the same vertical plane with jj, Th^rod 
d carries a conoid or beveled wheel, e, which moves upon the upper 
surfiice of the crown-wheel /, and thus moves the shaft g. A series of 
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these shafts and crown-wheels is arranged in a circle completely around 
the vane-shaft jf/, so that in any position of the vane and the beveled wheel 
e there will be a shaft, </, to be set in motion. Thus each shaft gives the 
total movement of the wind for the direction corresponding to the loca- 
tion of the shaft with respect to the vane-sbaft j) at the center. 

Electric analyzer, — Instruments embodying separately the following 
ideas were constructed by Wild-Hassler, Du Moncel, Salleron, and other 
European workers, and by A. Eccard for use at the Signal Office, Wash- 
ington. 

The Bobiuson anemometer with electric contacts ordinarily records 
each mile of wind upon the chronograph by a single pen. Let now eight 
or sixteen pens be placed side by side to record the movements for the 
respective winds, and let the wires for the respective magnets go thence 
to the contact disks of the electric wind- vane register (see section 87); 
from the sbaft of the vane the wire goes to the Bobinson anemometer 
and thence to the battery and ground ; the contact disks of the vane 
determine which of the magnets and.pens shall make a record, while the 
anemometer determines when and how often the dashes for the miles of 
wind shall be recorded. Thus the chronograph sheet gives, by its daily 
countings on eight or sixteen parallel lines the number of miles of wind 
from each point of the compass. 

The contact disks of the wind vane are made substantially in the fol- 
lowing manner : A horizontal disk is attached to the vane-shaft, and i^ 
divided into four or eight insulated sections j below this a similar hori- 
zontal disk, divided into the same number of insulated sections, but 
fixed in its position with reference to the meridian. A single contact 
spriog joins the edges of the two disks; from each of the sections of the 
lower disk a wire proceeds to the corresponding electro-magnet at the 
register. 

199. MEASUBEllENT OF MOTEMENT LN TEBTIOIL PUHE. 

The problem of constructing an anemometer which shall analyze all 
winds and give the three rectangular components, wherefrom to compute 
the resultant, would be still more simply solved if three anemometers 
could be so co-ordinated that each would give only the total movement 
of the air in or normal to its own plane of rotation ; but such anemom- 
eters do not exist, and all anemometers are affected by winds that are 
inclined to the planes of action. Thus the Bobinson integrates not only 
the movement of the air perpendicular to the spindle, but also some 
componiQut of any wind inclined at an angle, a ; similarly the Gasella air 
meter gives a certain component of the wind whose direction is inclined 
to the axis at an angle, /3. 

Again, if the effective component were simply v cos a then the indi- 
cation of each of the three co-ordinate anemometers for a long period, 
including many winds, would be, respectively, the horizontal component, 
the meridional component, and the prime- vertical component, and these 
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are what are required by Lambert's formula in order to deduce the result- 
ant wind direction and movement. Unfortunately the anemometer cups 
do not give the simple cosine component, so that this method ^ives re- 
sults whose accuracy depends upon the closeness with which this law 
obtains. Ko experimental determinations have been made of the rela- 
tion between the relative indications of an anemometer for winds at dif- 
ferent inclinations to the plane of rotation, but if for small inclinations 
the record varies nearly as the cosine, then the vertical component of 
motions in the atmosphere may be approximately determined with two 
rotation anemometers, one of which is attached to the wind vane. 

(a) C€icciator(p8 anemometer. — An apparatus on this t)rinciple was set 
up by Gacciatore at the Palermo Observatory about 1830, and used for 
many years (see Annuario della society Meteorologica Italiana, 1, 1878, 
201). 

Two anemometers were used, having four cylindrical paddles similar 
in pattern to those of Garthner, Leutmann, and d'Ons-en-Bray, but 
without the exterior screen. One of these was established with the axis 
vertical, and so registered, like the ordinary £obinson anemometer, the 
horizontal motion of the wind. A second was so attached jx> the frame of 
a wind vane that its horizontal axis was parallel to the vane, and there- 
fore nearly parallel to the wind. If the wind has an inclination, ^, to the 
horizon the first anemometer is assumed to give, approximately, Jr=jB 

V 
CDS aj and the second gives V=B sin a, whence tan ^=;q* Two as- 
sumptions underlie these formulas : First, that the vane and its paddles 
follow the wind without following the ordinary oscillations of the vane* 
If, by reason of these oscillations, there is, as usual, a small average 
angle, >9, between the horizontal wind and the axis of rotation, then the 
vertical paddles record an additional component, and the second ane- 
mometer gives V=:E sin a+ffsin /?. It follows, then, that this arrange- 
ment by Gacciatore does not determine ^, but an angle that is a func- 
tion of a and /?. 

The second assumption that underlies these formula is, as before 
stated, that the rotating anemometer accurately gives the components 
B sin a and B cos a. This is probably not strictly true, but neither 
experiment nor analysis has yet indicated the precise value of the com- 
ponents thus measured. 

Finally, a descending current gives the same result as an ascending 
current; these two, therefore, can not be discriminated. 

The Gacciatore instrument is now replaced at Palermo by one in 
which the Eobinson cups replace the cylindrical vanes. It is evident 
that the air meter or Woltmann's anemometer could be used in a similar 
manner, but to these, as to all other forms, the same two objections as 
above given will apply. 

If the pl^ne of rotation of the movable anemometer be vertical and 
in the direction of the wind instead of perpendicular to it, as in Caccia- 
tore's arrangement, then will it give V'=B cos /3. 
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Considerable cliauges, therefore, iii tlie angle /? affect the resalts but 
little, and the approximate value of ft can bo taken from the register of 
the wind direction. The value of 

R. ^' 



COS p 

being thus known, the value of a is deduced from 

U 

cos ar=Y7 cos ft 

(6) Triplex co-ordinaU anemometer. — Whenever for a given form of 
rotating anemometer the effect of inclined winds has been determined 
satisfactorily, then it would seem that three such anemometers, set so 
as toxevolve in three fixed planes at right angles to each other, should 
give three components from which by some method to be devised, there 
can be deduced approximately for each the values of 

2Fcosa 2Fcos/? 2Vco^y 

The simplest method of doing this would consist in taking hourly read- 
ings from the sheets. During short periods of time a and V change 
slowly, so that the hourly resultants will be given with sufiQcient approx- 
imation; but in order to determine whether the wind is ascending or 
descending some form of rotating anemometer must be used (such as 
Woltmann'is meter) that distinguishes between winds in direct and re- 
verse directions, which is not the case with Bobinson's anemometer. 



CHAPTER XVIII. 

THE MOVEMENTS OF THE UPPER CUR&EKT8. 
193. ELEMBNTART METHODS FOR SMALL HEIfiHTS. 

AccordiDg to the distinction made in the beginning of Section G we 
have hitherto treated of apparatus on or attached to the ground and 
entirely within the control of the observer, by means of which we de- 
termine the motion of the air at a small height above the observer's 
station. Whenever we exceed these heights, or, in general, when we 
launch our apparatus freely into the air, so that its motion is beyond 
our control; and can take place at any altitude, we have a new and im- 
portant branch of meteorological study, viz, the movement of clouds 
and upper currents. The mov^emen t of the center of a free object like a 
balloon, smoke, or cloud is undoubtedly the same as the average mo- 
tion of the mass of air Immediately around it, and may be determined 
by some one of the methods enumerated in the following section. 

One-fourth of the atmosphere is above the highest clouds or balloon 
ascensions, and the vertical height to which the atmosphere extends is 
as yet undetermined. Within this higher stratum important move- 
ments of the thin air doubtless do occur, but as yet no method has been 
devised by which to observe and measure them. The only direct indi- 
cations that we have of the existence and movements of the air at very 
great elevations are given by the phenomena of the shooting stais 
and the trails left behind them, and to a limited extent by the transfer 
of smoke, dust, and vapor, from great volcanic outbursts, or of fine 
dust from arid regions. Further researches at these elevations are 
greatly to be desired, although, doubtless the most important phe- 
nomena are those that occur in the lower portion of our atmosphere. 

(a) Methods of observing free-floating objects at small heights.— Thc^ 
discharge by day of smoke clouds from chimneys, and from bombs or 
rockets sent up into the air, and the discharge of small signal balloons 
by day or night are methods that have been employed for ascertaining 
both direction and velocity of the air currents ; the bombshell sent up 
vertically to heights not exceeding 1,500 feet has of late been especially 
employed by the London Meteorological Office. Small signal balloons 
have long been used by aeronauts previous to the ascension of a large 
balloon, and this method, which is not expensive, is worthy of being 

310 
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made a special feature of all first-class meteorological Rtations and na- 
tional services. The flight of sach a balloon during five or ten minutes 
would be an item more important for the daily weather map than the 
usual local record of wind, and, as recommended by me in 1872^ should 
be added to the ordinary weather telegram. To this end the small 
Mongolfier may be used in dry weather or at night time, and the small 
gas balloon in rainy or foggy weather and in the day time. Such bal- 
loons should be numbered consecutively and carry a corresponding 
numbered postal card, requesting the finder to inscribe the exact time 
and place of finding, and return it to the central office. The balloon 
should carry a suspended light thread from 50 to 500 feet long, at the 
bottom of which hangs suspended a light object. The observer can 
at any time ascertain the linear distance and altitude of the balloon 
by observing the apparent angular altitude of the upper and lower end 
of the vertical line thus carried by the balloon, the formula for the 
computation being as follows: 
Let I be the length of the vertical thread. 

a and o^ the angular altitude of the upper and lower ends. 

h the height of the upper end above ground. 

d the horizontal distance from the observer. 

Then will 

J I I cos a cos a' 



/*= 



tana— tana' sin(a— a^ 

I tan a t sin a cos a' 

tana— tana'"" sin {a-^-a^) 



From two observations of the azimuth and altitude the velocity may be 
obtained by methods subsequently given (see section 127). 

The height of a bank of fog or of the lower surface of a cloud may 
also be determined approximately by means of these balloons by the 
device described in 1877 in my suggestions for the guidance of observ- 
ers on the schooner Florenccj namely : Observe the rate of the vertical » 
ascent and the gradient of the first 100 (or 500) feet as the balloon 
leaves the surface of the ground, and the gradient at the time when the 
balloon disappears in a cloud or fog, we easily compute the height at 
the moment of disappearance, as the rate of ascent may be assumed 
uniform. 

(b) Captive balloons and Jcitea. — A captive balloon by the strain upon 
its cable can give some idea of the horizontal direction and velocity of 
the wind at the level of the balloon, and observations of this kind have 
been made; but, as in the case of a kite, this method involves too 
many hypotheses, and it is best to utilize the captive balloon or the 
kite as the carrier of anemometric apparatus, and not as giving directly 
the force of the wind. This is the method that has been carried out by 
Archibald in his important measurements of the velocities at different 
altitudes. The heights of the clouds can, however, be determined by 
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the disappearance of kites, as was first done by Alexander Wilson 
in 1749 in the conrse of his observations on temperature at bi4;h alti- 
tades, when thermometers were carried np by a series of kites flying 
tandem^ one above the other. 

(c) Aeronautic voyages. — The observer voyaging in a balloon car de- 
termines his altitnde by the barometer, and his horizontal movements 
by observation of the groand beneath him. When the gronnd is hidden 
by clonds his motion can be determined only by means of astronomical 
observations of latitude and longitude as when at sea. In this case he 
may use the cloud horizon as being approximately the same as the sea 
horizon, excepting only that his correction for dip of the horizon is very 
uncertain. He may with advantage employ an artificial horizon, con- 
sisting of a mirror floating on a small surface of water or attached to a 
I)endulum, the balloon being in general too steady to require the gyro- 
static apparatus designe<l by Piazzi-Smythe and recently revived by 
the French observers, and, on the other hand, too unsteady to allow of 
the simple mercurial artificial horizon. This elegant method of deter- 
mining npper-air currents is, however, too expensive to be available, 
except on very special occasions and in limited regions. 

194. METHODS OF 0B8EBTIK0 CLOUD MOTIONS. 

G^ie following methods of determining the motions of balloons, clouds, 
or other objects, by means of observations at stations on the ground, 
are very generally available to ordinary observers: 

{a) BiccioWs or the direct trigonometric method.-^ln this method, which 
was first used about 1650 by Biccioli, at least two distant observers 
must determine simultaneously the apparent angular altitnde and azi- 
muth of the same object. The angles are measured either with the 
surveyor's altitude and azimuth instruments or with the sextant, or, 
more conveniently, by an application of the photographic camera. 

(6) The photographic metliod, — The application of photography for this 
purpose was contemplated by me in 1858, the plan being to photograph 
on one plate simultaneously two images of the same cloud reflected from 
two distant convex mirrors. In 1871 apparatus was purchased for pho- 
tographic work by the Signal Office, but important work has been done 
with it only very recently by German and English observers. The pho- 
tographic method was also suggested in 1860 by Dr. Zenker, who, how- 
ever, first applied it in 1882, while Captain Abne3% for the British Me- 
teorological Office, has conducted his work with more complete appli- 
ances since 1883. 

In 1881 J. Harmer proposed to place two photographic cameras at the 
extremities of a long horizontal beam that could be set perpendicular 
to the direction of the cloud, so that the measurement of the differences 
in the positions of the two photographs would give directly the paral- 
lactic angle precisely as in the use of the telemeter or in my method of 
1858. 
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For the study of cloads by photography the camera is moanted on an 
altitude and azimuth stand, so that the direction of its optical axis can 
be determined in any i)osition. The sensitive plate is crossed through 
the center by two lines, representing the horizontal and vertical planes, 
whose intersection determines the axis of collimation. By preliminary 
experiments in photographing a standard surface, crossed by a known 
system of lines, the amount of angular distortion due to the photo- 
graphic lens is determined for each portion of the picture on the sensi- 
tive plate, and the corrections thus given enable one to convert the 
measured apparent angles into true altitudes and azimuths for any 
point in the sky. The application of photography has the great ad- 
vantage that subsequent measurements may be taken at leisure and 
may cover every portion of a cloud, instead of being confined to one or 
two points. It also renders easier the identification of any spot ob- 
served in the two simultaneous pictures. The following methods of 
utilizing photography have been suggested: 

1 If one camera is used the use of modern ^'very rapid" sensitive 
plates, as prepared -by the methods of Vogel, Monreaux, and others, 
allows of taking upon the same plate, in the same position of the cam- 
era, two or more instantaneous impressions of a cloud at an interval of 
a few seconds. The measurement of the line joining the centers of two 
such pictures gives the angular velocity and position-angle of the ap- 
parent motion, which, with the angular azimuth and zenith distance, 
give all the data required for computing the azimuth and zenithal ve- 
locity of the cloud by the method given in section 140 on Vettin's cloud 
camera without photography. 

2 If two cameras are used at a known distance apart the exposure 
must be simultaneous; this is best insured by employing a telegraph 
signal to move the shutters that expose the plates. In the absence of a 
connecting telegraph the observers must use accurate watches very care- 
fally compared. If preferred the cameras may be habitually directed 
in some one definite position, such as the zenith, the sun, the horizon, 
etc., each of which has its special advantages, as shown by Dr. Zenker: 

(1) If pointed to the zenith the instrument may be permanently estab- 
lished with great accuracy, and the manipulation of the plate and the 
computation of the results become the easiest possible. The exact loca- 
tion on the plate of the observed zenithal or antipodal point is obtained 
by observing a star, the sun, or other object near the zenith in two posi- 
tions of the camera, differing ISO^ in azimuth. The value in degrees of 
^c of a unit length on the plate is found by taking two or more succes- 
sive pictures of the sun at known intervals of time. Two such cameras 
at a few hundred feet distance give the angular azimuths and the zenith 
distance of a cloud simultaneously photographed at the two places, 
whence the altitude is computed by the method of section 125. 

(2) If the cameras be pointed to the sun, or so that the sun always 
appears somewhere on the sensitive plate, we have always the means of 
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(leterminiDg the azimuth at the time. By measuringfrom the snn's center 
as a base point the parallactic angle at the clond is determined ; this is 
particularly adapted to portable apparatus and traveling observers. 
(3) The camera may be mounted with its axis permanently horizontal. 
A vertical circle is thus dispensed with, and the reading on the plate, 
corrected for the optical distortion, gives directly the angular altitude 
of a cloud. A distant terrestrial object, whose azimuth is known, may 
always be included in the field of view, from which the azimuth of tiie 
cloud may be determined. By this arrangement the altitudes of the 
lower surface of the cirri and the tops of the distant cumuli may be as- 
certained quite accurately. 

The apparatus for photographic study of the clouds, devised by Gap- 
tain Abney, and established at Kew since 188^3, is designated by him a» 
the '^ photo-nepho-graph," but only a general account of it has as yet been 
received. It consists of twin cameras, SOO yards apart. Two sets of 
photographs are taken simultaneously, at an interval of about one minnte 
of time. The numerical computations have been replaced by a me- 
chanical and graphic process embodied in an apparatus devised by 
Professor Stokes, and called a '^ projector,'' by which the heights and 
motions of the clouds are obtained in a much simpler manner than by 
ordinary measurements and computations. The original sketch of this 
method is given by Professor Stokes at pages 22, 23, Beport of the Me- 
teorological Council to the Boyal Society, March 11, 1880, but the further 
details will hardly be of value here until the method has been actually 
put in practice. 

(c) Kdmta^ method. — When there is but one observer with optical ap 
paratus and one camera, as in the method proposed by Kamtz, the ob- 
server, after finishing the work at the station A, passes quickly to station 
By observes, and then returns to station A. By interpolation between 
the two observations at A he deduces data that may be considered simol- 
taneous with that obtained at station JB, and thence computes the 
cloud height by section 125. 

In order to secure perfect agreement between two observers Pouillet 
(1853) recommended that the observers have between them a raihx>ad 
or other method of quick transit (the modern bicycle answers the de- 
mands perfectly), and that, having met at the central point to agree 
upon the point of observation, they should separate quickly, observe 
simultaneously twice, and then return to compare notes and assure 
themselves of the success of the work. The observations to be made 
in this case consist in simultaneous altitudes and azimuths or bearings. 
In 1872 Prestel executed a series of measures in which the two ob- 
ser\'ers kept up constant communication by electric telegraphy. 

Observations at two stations were made during the Swedish inter- 
national polar expedition of 1882 to Spitzbergen, and also for several 
years subsequent at Upsala, and were greatly facilitated by the use of 
a telephone between the two stations that were about 500 meters apart. 
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This distance being, however, too short for accurate determinations of 
the higher clouds, a third station was subsequently added at a distance 
of 1,300 meters, by means of which the observations made in 1885 de 
termined the altitude, horizontal and vertical velocity of clouds with 
a precision that left nothing to be desired. The Swedish observers 
Ekholm and Hagstrom conclude firom the experiments that stations 
shoald be so arranged that a base of 500 to 2,000 meters shall be at 
their disposal, and that each observer while at work with his altitude 
and azimuth instrument shall have a telephone in his hand, in order to 
secaro by conversation a perfect agreement as to the point under ob- 
servation. They estimate that with a base of 1,300 meters and two 
theodolites of the special construction devised by Mohn for observing 
auroras the probable error of the resulting altitude of a cirrus is only 3 
per cent., and that of the lower clouds about 2 per cent. ; with a base 
of 500 meters the probable error of the upper clouds is 9 per cent , and 
of the lower clouds 4 per cent. 

Idd. FOBMVUE FOB COMPUTATION. 

Whenever by the preceding or other method we obtain the angular 
altitudes a and a', corrected for terrestrial refraction, if necessary, and 
azimuths A and A' of a point, K (see Fig. 71), as seen from two ends, 
S and S'j of a known line, whose horizontal projection is { and whose 
azimuth is Aq, the computation of the linear distances d and d' and 
altitude h above 8 is given by the following formuloB : 

Let fc=/8oS'=altitude of 8' above the level of 8. 

B=Ao-A J?i=1800-(Ao-AO 

^_ I sin B* ^/_ l6mB 

sin {B+B') ""sin {B+B') 

h=d tan a h-~c=d* tan a' 

Owing to errors of pointing and observing the two values of h de- 
duced from these formulae will in general differ somewhat, and the com- 
bination oi the four observations, a and JB, a* and B'j so as to deduce 
the most probable result, is to be made according to the following method 
used by Ekholm and Hagstrom: 

The known quantities being as before 2, a, £, a'j and J5', and assuming 
that the visual lines 8K and 8'K do not intersect at the point K but 
pass each other at the points Ki and K2, so that their least distance 
apart is fiZ's, whose center is (7, we now first compute the following 
seven quantities : 

Ii=cos a cos B Z3=cos a' cos (I8OO— JB') 

fiii=cos a sin B m2=cos a' sin (I8OO— J5') 

ni=:sin a n2=sin a/ 

cos ^=sin a sin a'+coa a cos tx* cos (180^— B'—S) 
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Find Vi and r2 from the eqaations 

i{ri+r2)=[il{li-k)+ib(ni'-n)] cosec« id 

Knowing ri and ra we compute 



a?i=Ziri 


yi=miri 


5'i=niri 


ai^=Z2r2+/' 


y9=ffhn 


5'2=nir8+& 


Whence we find 






X=i{Xi+X2) 


v=i(yi+y2) 


^=i(^i+^2) 



Let verticals fall from K^CKz to K'lK'Jif^ and thence horizontals to 
PiP^Pty then will these quantities represent respectively the following: 
a;=shorizontal distance from 8 to P^, which is the foot of the per- 
pendicular KJP^. 
y=horizontal distance from K'^ to P^. 

2?= vertical distance CK' up to a point that is midway on the 

shortest line that can be drawn, joining the two lines of 

sight SKy and S'ffz. 

In order to be sure that the lines SKx and SK^ do really come very 

near actually crossing each other at the point that was intended to be 

observed the following formula should be computed : 



J= y/^Xi^Xif-^-iyi-ViY+iZi^ZtY 



which gives the vertical length of the shortest line, and of which C is 
assumed to be the center. 

An elaborate illustration of the great value of this method will be 
found in Mesures des Hauteurs et des Mouvemens des Kuages, par N. 
Ekholm and K. L. Hagstrom, Upsala, 1885, Kova Acta E. S. S. 

(a) A computed altitude generally relates to a horizontal plane 
through the observer's station. If the cloud is very distant horizon- 
tally there must be added a correction for the elevation of the extended 
observer's horizon above the ground immediately beneath the cloud. 
This is given (see Fig. 72) by the following formula: 

Let O be the center of the earth 5 we have, approximately, 

e^80K=~ X 57.29GO 
The triangle 08K'' gives OK"=E+KoK''=R sec 6, whence KoK"==R 

a 

(sec 0-\)=2E sec sin^ ■,^. From the triangle KK'K" we have JEF'= 

KK' sec 6. Hence the total height of the cloud above the earth be- 
neath it is 

KKo=hf2R sin* |)sec f) 
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{b) The accuracy of the determination of the altitnde or distance by 
means of two observing stations depends upon the location of the cloud 
with reference to the line joining them. If instead of two stations, A 
and -B, four, A, A'y B^ and B'^ could be occupied, so that AB is perpen- 
dicular to A'B'^ or nearly so, we have then the most advantageous ar- 
rangement for determining both altitude and distance. 

Instead of the four observers we may substitute one who shall suc- 
cessively occupy the four stations, at each of 'which he has only to ob- 
serve one angle, namely, KAC^ KA'C^ KBO, KB'C. If the stations are 
at the comers of a square inscribed within a circle (see Fig. 73) the 
formula for the computation of KG and KCBj or still better, of JOT', 
and the azimuth of OK' become quite symmetrical and admit of very 
convenient arrangement. 

{c) The labor of any method involving two distinct stations may be 
overcome if it be practicable to use the ordinary telemeter, in which 
two mirrors are so placed at a short horizontal distance apart that one 
observer, looking into both simultaneously, sees in each the image of the 
same cloud. The observation consists in measuring the angle (see Fig. 
74) between the lines KM and KM\ the mirrors being so placed that M' 
is perpendicular to KM. The angle is measured by turning the mirror 
M' through a small angle until the image reflected from it coincides 
exactly with that reflected from M. This method is in principle the 
same as that adopted by Krecke (Dtrecht, 1840), whose mirrors were 
about 2 meters apart. The difficulty in the use of the telemeter arises 
partly from the small angle to be measured micrometrioally, and largely 
from the high magnifying power and small field of view, which render 
it difficult to identify the points observed in the clouds, but make the 
method easy of application when observing very definite terrestrial ob- 
jects. When the parallactic angle MKM' has been satisfactorily meas- 
ured the distante of the cloud is obtained by the simple formula 

MK=mm' cot mKm* 

For clouds near the zenith this distance is approximately the same as 
tbc vertical altitude. 

136. WIBTMANN-BBAVAIS METHOD. 

An elegant method of determining the successive positions of the 
cloud, whence the movement and altitude may be found, was devised 
independently by Wartmann (Geneva, 1842), and Bravais (Lyons, 1842), 
and Whewell (Cambridge, 1846), but it seems to have been extensively 
used by Bravais only. In this method the observer looks from an ele- 
vated position downward perhaps 50 meters upon a horizontal reflecting 
surface, such as a pond of still water or a level mirror (see Fig. 75), and 
with some altitude instrument observes the vertical angles ZOK and 
ZOR in the x^lane of the diagram, as well as the azimuth of the plane 
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ZOK, From such observations he computes the distance and altitude 
as follows: Let 

BB=X=OB tan BOB=a tan (I8O0-CO 
Oi2= OB sec BOB=a sec (I8OO-CO 

The triangle KOB gives 

KR=.OR. «^(C^-C) 

sin (C'+C-180O) 

The right angled triangle KBK' gives 



KK'=h=KR 



sin KRK'- *^ ^™ (C^-C) (-cos CQ _ a sin (C-CQ 
- sin (C'+C) (-cos C) Bin iC'+Z) 



The same triangle also gives BK^, which, added to BB^ gives 

pyy_ 2a8inCsin Q' 
sin (C+CO 

Two successive observations of time, altitude, and azimuth will thus 
give the exact location of the cloud, by which its velocity and direction 
of motion is computed by the following general method. 

lar. CONTBB8ION OF BKABIIf€» INTO MOTION. 

Whenever by any method we know the azimuths A and A' measured 
from south to west, and the linear distances d and d' of the horizontal 
projections iC and K' of a cloud or other object at two moments t and f^ 
we determine by the following formula the actual horizontal move- 
ment KK' and the azimuth AK of that movement, also measured fit>m 
south to west: Let 

x=d cos A y=d fidn A 

afz=d' cos A' y'=d' sin A' 

then we shall have 

tan ^4=1^ KK' l^^xf ^x) sec A^ 

This solution enables the computer to secure the proper quadrant for 
the resulting direction by giving careful attention to the signs of the 
circular functions. 

li)8. BBATllS METHOD. 

The computations involved in the preceding paragraphs become 
simplified when we desire only the height of the cloud. To this end 



BEPOET OP THE CHIEF SIGNAL OFFICER. 319 

Bravais always selected for observation a cloud spot reflected from the 
same point of the mirror B (Fig. 75), thereby keeping the angles ZOB 
and OBK constant. By this method the observer, after identifying in 
the sky the clond seen in the mirror, has only to observe one vertical 
angle ZOK. 

If the ordinary vertical circle be used the observed angle will be C9 
from which the height is computed by the formula for h in section 126. 

If a sextant is used the angle of observation will be 6=K0B=zZ^^Q^ 
and if we make the constant angle Oi2£=7c=C^— 9(P the formula of 
section 126 becomes 

a sin 



h= 



sin (&+2k) 



where the only variable is 0=KOBj so that the right-hand member of 
the equation can be tabulated for successive values of this variable, and 
the desired altitude can easily be obtained by interpolation. 

For his own use Bravais devised the following special method of 
observation and' computation : 

To a vertical circle he attached a plane mirror, a portion of which is 
unsilvered, as in the sextant. The observer looking upon the silvered 
portion sees the cloud reflected therefrom, and looking through the un- 
silvered portion sees the reflection of the same cloud from the distant 
mirror or reflecting surface, B (Fig. 75). The two images are brought 
into coincidence by turning the vertical circle, so that its mirror makes 
a small angle, a?, with the horizon, whence 

2c.7=C+C'-180o 

With k=C— 9(P, as in the preceding case, the formula of section 126 
gives 

sin (2fc— 2(w) 



h=a 



sin 2a? 



The use of the small horizouta 1 mirror in this method makes it easy 
to identify the cloud. 

If in the preceding methods we add to the determination of the ver- 
tical angles also the measurement of the apparent linear velocity, with 
which the reflected image crosses the distant mirror B, wo have a sim- 
ple method of determining the absolute velocity and direction of the 
motion of the cloud. This idea was carried out by Bravais in 1842; 
his mirror, consisting of a mixture of water and ink, was at a distance 
of 21.8 meters below him, and had a radius of about 1 meter. He ob- 
served n, the time in seconds required by the image to describe a path, 
ly of about 1 meter on the distant mirror, and recorded the azimuth of 
that motion, which is the same as the azimuth of the actual direction of 
motion of the cloud. Knowing the cloud height A, as above computed, 
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and the vertical distance a of tbe mirror below liim be deduced tbo 
linear velocity v of the cloud per second iu its horizoutal movement by 
tbe formula 

n a 

It may be noticed that the normal (in this case over 20 meters) froDi 
the observer to the mirror is the base of the angle 0KB. If this dis- 
tance is diminished, so that the angle becomes inappreciable, then we 
have an arrangement that can give us the correct azimuth, but only tbe 
apparent altitudes and velocities, and this idea was embodied by Aiiue, 
in 1846, in his ''reflecting anemometer" (Ann. de Chimie T., XVII, p. 
498), and is the underlying principle of the modern nephoscope. 

199. LAMBERT'S METHOD. 

The simplest method of determining the absolute linear velocity of 
upper air currents is that first proposed by Lambert in 1773, and con- 
sists iu observing from an elevated point the velocity of the shadow of 
a cloud moving over the landscape ; for this purpose the observer is 
]>rovided with a detailed topographic map of the surrounding region, on 
which he can locate the position of the cloud at any moment. The 
same observation thus give^ at once the direction and linear velocity of 
the air current. As it is important to know also the altitude for which 
these data hold good the observer can determine it very easily from an 
observation of the apparent angular velocity of the same or associated 
clouds. For low clouds the apparent angular velocity can often be ob 
tained with sufficient accuracy by timing their transit over an est! 
mated angle of 15^ or 30o, but for clouds far from the zenith, and for 
high clouds, the use of some measuring apparatus is necessary, and 
such will be found especially described in section 135. 

Knowing the apparent angular velocity ;^ in a unit of time, and tbe 
linear velocity v, measured on tbe map for the same unit of time, wo 

have the altitude h= 

tan y 

ISO. BBANDE8*8 METHOD. 

In Brandes's modification of Lambert's method, as published in 1820, 
a cloud (or hole in a cloud) casting a definite shadow is observed when 
it lies in the same vertical plane with the observer and the sun. The 
point P (see Fig. 76) upon which its shadow is cast is identified and lo- 
cated upon the map. The observer being elevated somewhat above the 
plane of the shadowed spot measures the zenith distance of the suu 
ZOS=C, of the cloud ZOK=Z\ and of its shadow ZOP=:Q'', while the 
map gives the linear distance BP, whence the horizontal distance BK' 
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and altitude KK' of the cloud above a horizontal plane through P art 
computed by the following formulse : 

p,jr_ OP sin JTOP 
^^ smPKo 

p^_ BPseo (C^-90Q) dn (C^^-CQ 

sin (C'-C) 

fiJ!7=BP+PJF=BP+Pirsin C 

lClP=Pir cos C 

The measurements of the sun may be simplified by using an appa- 
ratus equivalent to a sun dial, by which the observer reads directly the 
azimuth and length of the shadow of a gnomon. 

If the sun is obscured the observer must compute C by knowing the 
time of his observation. In this, as in the following section, the com 
putations may be replaced by a graphic construction. 

131. nvn!fEB*8 1IRH09. 

Feussner (1872) has developed an important method, suggested Ia 
part by the earlier methods of Brandes (1800), Wrede (1826), and Pre«- 
tel (1863), which is entitled to a high rank on account of its simplicity. 
The execution of Feussner's method requires only one observer with a 
good pocket watch, a simple plumb-line, and an accurate map of the 
region, and gives all the accuracy that is attainable in the observation 
of anything so indefinite as a cloud. Brandes's method is restricted to 
clouds in the vertical of the sun ; Feu8sner*s method allows the clouds 
to be in any vertical plane. 

In the accompanying diagram (Fig. 77) let the vertical through the 
cloud and observer be the plane OKBK\ where is the location of 
the observer and K that of the cloud ; let KP be the solar ray, casting 
a shadow on the ground at P; let OP be the visual ray to P, and BPK' 
a horizontal plane through the point P, which latter may be at any level 
below or above the observer. The field-work of the observer consists 
in the following : Standing behind his plumb-line, which may hang in 
the open air from the limb of a tree, and sighting beyond it upon the 
horizon he identifies some point by which he may locate a definite azi- 
muth, N'S', upon his topographic chart. Assuring himself that he iden* 
tifies a given cloud and its shadow he proceeds as follows: First, records 
the time ; second, locates the shadow spot P by a mark on his map 3 third, 
places his eye so that the plumb-line bisects the cloud JT, and identifies 
some point in the landscape beyond the plumb-line, by means of which 
he draws upon the map the line BK[j which gives him the azimuth of the 
cloud ; fourth, bisects the sun by his plumb-line and similarly draws the 
line BSoj representing the azimuth of the sun; finally, observes the time, 
sia 87, PT 2 21 
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These observatioDS and records are then to be immediately repeated in 
inverse order, namely, time, azimuth of snn, azimuth of cloud, location of 
shadow, time. The mean of each pair of observations corresponds to 
one complete simultaneous set. He now at his leisure reads off the 
azimuths S^Kf and PBKf=^aj measured from the south point of the 
meridian line N'S'^ and draws the line PK'^ so that the angle PE^jB shall 
be equal to K'BSq. If the bearing of the sun is not observed directly, 
then the angle S'BSfi can be computed, and the line PSf be drawn par- 
allel to B through the fixed point P, whence the distances BE! and E^P 
can be measured from the map. 
The altitude of the cloud is computed by the formula 

S^^BP^inaJ^ny^p^, tan y 

The measurement of, PE! should be compared with the computation 
as a check upon the work. We have thus a complete determination 
of the altitude, the distance, and azimuth of the cloud at the time ^, 
and two such determinations, or still simpler, a second location of the 
shadow P gives the means of computing the direction and velocity of 
motion of the cloud. 

As the clouds change their shape rapidly it is often difficult to obtain 
two determinations from which to compute the intervening motion. I 
therefore suggest that it is sufficient to combine with one observation 
of absolute height, distance, or velocity a determination of the reduced 
linear velocity, as given by the nephoscope to be described in section 135. 
One observation with this instrument gives the true direction of hori- 
zontal motion of the cloud and the linear velocity - of the motion of 

the cloud image, as seen m the mirror at the distance h below the ob- 
server's eye. The Feussner method gives KK' the elevation of the 
cloud above the plane of its shadow; a topographic map gives A the 
elevation of the shadow spot below or above the observer at 0, whence 
the cloud is H=KK'-^h above the observer; we have, therefore, as in 

Bravais's method, the linear velocity Y of the cloud and ^ that of its 
image proportional to S'\-h and &, respectively; whence 



F==x 



a H+b 



n^ b 






139. CAMERA LVOIBA METHOD. 

For zenithal clouds much of the trouble attending the use of a photo- 
graphic camera may be avoided by adopting a portable camera Incida, 
in which the lens is placed vertically above a horizontal table within a 
small observatory, tent, or sentry-box (see Fig. 78). Below it is placed 
horizontally a properly ruled sheet of paper, so that the observer at 
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can easily see and record the motions of the clouds that are depicted 
thereon. The central spot of the paper corresponds to the vertical axis 
of collimation of the lens. Two olM^rvers, with two similar cameras and 
measuring apparatus, in tents a few hundred yards apart and in tele- 
phonic commnnicationy can rapidly accumulate a large number of ob- 
servations of the motions and positions of the clouds within 30^ of the 
zenith. 

K above the lens just described there is mounted a mirror inclined at 
an angle of 45^ to the vertical the observers can then simultaneously 
observe and determine the position and motion of a cloud near the 
horizon. 

133. MBTHODS FOB OBBEBTATIOHB AT NieHT. 

The preceding methods generally fail at night, owing to the absence 
of the necessary shadows. In such cases if signal balloons can not be 
utilized any method of determining the altitude that may be found prac- 
ticable may be combined with the nephoscopic observation. Among 
such altitude methods are the following: 

(a) M. Paul de la Gour, in Denmark, 1860, determined the altitude of 
the under surfaces of layers of cloud (see Fig. 79) by observations of the 
apparent altitude of the patch of light reflected thereon from the lamps 
illuminating a distant city. 

In this method he assumed that the illuminated cloud spot K was 
midway between himself and the source of light £, whence h=^OL tan a. 
This method can be relied upon only when there is no doubt as to th^ 
source of light and the angle of reflection. 

(b) The present writer in 1872, among methods suggested for use in 
the Signal Service, proposed that the illumination be e£fected by a beam 
of light specially controlled by the observer and preferably vertical; 
the nearly parallel beams reflected from the mirrors of the calcium or 
electric-light apparatus are best, but feebler lights will do. In this 
method if I be the location of the light it is necessary to know only the 
distance 01 (Fig. 72) and the apparent angular altitude of the spot. 
The method serves peculiarly well when the sky is covered with a uni- 
form sheet of cloud or high haze, in which no definite points occur for 
the application of other methods. 

134. BKBlir01ILU*S METHOD. 

The method proposed by J. Bernoulli (1744), being specially applicable 
to the time of sunset and sunrise, can be used to fill in the gap between 
the observations by day and by night, although it is of inferior accuracy, 
owing to the assumptions that underlie its formul» of reduction. Th\^ 
method consists in observing the time at which the sun's rays first or 
last touch a given cloud, whose angular altitude aud azimuth is also 
observed at that moment. It is, however, extremely difficult to decide 
whether the cloud is illuminated by the first rays of the sun or by re- 
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fleotion bom other portions of the sky, and even after the illumination 
by the direct rays of the son seems to be assured it is still impossible to 
say whether the rays come fh>m the whole sun, or the upper two-thirds, 
or the central half, etc. As a general rule, however, when in the morn- 
ing the cloud has been rapidly growing bright, but not yet attained its 
ftdl brightness, or when in the evening the cloud has begun to &de, but 
has only lost a little of its brightness, we may in both cases assume 
that at any moment the center of the sun is in the apparent horizon of 
that cloud. By running through the following computations for the 
moments when the cloud is brightest and faintest the observer may 
obtain an idea of the possible errors of his results. In a general way 
there must always be some uncertainty as to whether the rays of the 
sun that illuminate the cloud are grazing the sea horizon or the hills of 
terra firma or the top of a stratum of clouds. The observer, therefore, 
at best, will feel uncertain as to whether his computation gives him the 
altitude of the cloud above the top of some other clouds or above the 
sea. And this uncertainty is only slightly relieved by the consideration 
that if the tint of the observed cloud is decidedly pinkish the illuminat- 
ing beam of light probably grazed the earth's surface, while if decid- 
edly white the beam undoubtedly passed over the tops of douds and 
above the dust and haze of the lower air. 

If the sky is covered with a horizontal cloud stratum whose under side 
lighted up by the sun furnishes the pointy that are being observed, and 
the observer can obtain a number of successive determinations of their 
height, the agreement among themselves may serve to give a satisfac- 
tory determination of the general level of the lower surface. Fig. 80 
illustrates the general method of computation. 

Let A be the observer, AL his horizon, AB the ocean surface, tr the 
cloud, h a point below the cloud on the earth's surface, and SBWXht 
sun's rays touching the earth at B. The observed quantities are LA W 
=9, or the angular altitude of the doud, and t the hour-angle of the snn 
corresponding to the time of observation, whence the sun's zenith dis- 
tance is computed. If the sun and cloud are in the same vertical circle 
we have the geocentric angle AOB equal to 2LABj or to the zenith 
distance of the sun, as deduced from the observed hour-angle t less 
twice the horizontal refraction at jB, and less 9(P. But ALW^=:ACB=^ 
a, because the including lines are respectively perpendicular. There- 
fore in the triangle AWB we know AB and the angle £ATF=Ja+ef 
and ABW=iay whence we compute AW. The triangle WAC, in 
which two sides and the included angle are known, gives WG^ whence 

The complicated computation thus indicated is reducible to the fol- 
lowing formulsB, which are given by Zenker in his Meteorological Calen- 
dar for 1887 as an improvement upon those given by Vettin in the Zeit. 
Oest. Gesell. Met., 1883, in which the effect of atmospheric refraction b 
approximately allowed for. 
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Let to be the siiu's hour-augle at the moment of disappearance on the 
sea horizon, computed from the data of the Astronomical Ephemeris, 
by taking account of parallax, refraction, solar radius, and dip. If the 
sea horizon i*s visible U may be obtained from the observed time of 
sunset; t represents the same datum for the time when the sun is in 
the horizon of the cloud ; Tst— to represents the angle by which the 
earth has turned on its axis since sunset. Let Hszthe linear height 
of the cloud above the sea level beneath it, tp the latitude, d the sun's 
declination, and J2=the earth's radius* For clouds within WP of the 
zenith the altitude is given by the following formula : 

H=Ib cos* 6 co8» 9> sin« ^ sin» CtQ+^) X \ ®^^* (f + 1 

in which the last bracket is negligible when the cloud is within 30^ of 
the zenith. The effect of terrestrial refraction has been approximately 
allowed for by introducing the fiEictor i instead of that otherwise ob- 
tained, i. a., i. This altitude belongs not merely to a cloud in the ver- 
tical plane between the observer and the sun, but to all those clouds on 
either side to which the sun sets at the same moment. 

The altitude as above computed assumes the sun's rays to be tangent 
to the ocean at B. If this is not so the observer must determine the 
elevation h' of the mountain, plateau, or cloud to which they are tangent, 
and add to his computed H a correction which is approximately equal 
to h' sec a, but for which we may generally write h' itself, since a is 
rarely more than 5^. The uncertainty as to this last correction is un- 
doubtedly the weakest feature of this method. A tabulation of the 
first part of the formula for every five days of the year and for every 
four minutes of time in the value of T, followed by a small correction 

representing the factor in [ ], as is done by Zenker, renders the 

method very easy of application. 

133. NEPH06C0PI0 METHODS. 

The preceding methods contemplate the determination of the absolute 
position and motion of a moving cloud, but when this is not practica- 
ble the apparent and relative motions may almost always be determined. 
For this purpose* in 1845, Aim6 devised an instrument, now known as 
the nephoscope, whose use is urgently recommended to all observers. If, 
as Aim6 suggested, we combine with this some of the preceding methods 
for the absolute determination either of linear velocity by Lambert's 
method, or of height by Feussner's method, or of distance by trigono- 
metrical methods, we have at once a complete solution of our problem. 
Moreover, the nephoscope is available for determining the apparent 
position of any celestial phenomenon, such as a halo, aurora, or zodiacal 
light, and is therefore an instrument of wide range and usefulness. 

This instrument, whose name is due originally to Braun (1865), has 
been modified and used in several distinct ways by Mari6-Davy (1870), 
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Linss and Cecchi (1872), Fornioni (1880), and Finemann (1882). The lat- 
ter comes back to the original form and ase, as described by Aim6 [see 
Ann, de Ohimie (3), XXVII, 1846, p. 498.] The principles of the method 
of observation with the nephoscope are those of the method already 
mentioned (see section 126) as having been invented in 1842 by Wart- 
mann and Bravais. This, instniment has been widely used since 1872 
in Italy. It is eqnally applicable to observations on land and sea, and 
is strongly recommended to all observers by the permanent committee 
of the International Congress of Meteorology. 

The simple fundamental principle here utilized is as follows (see Fig. 
81) : When a horizontal cloud path, K1K2J is seen by the observer at O, 
reflected from the points Mi Mt on a horizontal mirror, the distance MiMt 
is parallel to Ki f^, and is shorter than it in the ratio of the vertical alti- 
tude OB to KiKi'y or in the ratio of the distances OJfi to MiKi^or in 
the ratio of the horizontal projection BiMi to MiKi. The various 
methods of using this apparatus are essentially as follows : 

(a) In Braun's method of 1865 a sight-point, P(see Fig. 82), is adjusted 
at a proper elevation above the mirror, the elevation being increased 
when the clouds move slowly, and the observer at brings a horizontal 
circle, XL, with cross wires A£and £X, so that the center of the cross 
covers the reflection in the mirror of the sight-point, which latter cov- 
ers the still more distant reflection JT/ of the cloud JT. Hold[mg the 
eye in this line OFM^P'Ki'j and as nearly stationary as possible, the ob- 
server turns the circle LLj so that a graduated diameter, ABj coincides 
with the motion of the reflected clouds ; he times the rate of progress, 
and thus determines an angle whose apex is at by reading off the 
distance traversed on the scale AB. The accuracy of the resulting 
azimuth and velocity depends upon the steadiness with which the eye 
is always held in the same position. In this respect Braun's method of 
using the apparatus was inferior to that of Aim6, which latter was re- 
invented and used by Cecchi in 1872 and Linss in 1878. In Braun's 
method the observed horizontal linear distance AB described in t sec- 
onds gave an apparent velocity, c; from this, if ^be the height of the 
cloud above the mirror, the actual cloud velocity v will be found by 

H 
the formula v=c--. In order to express all observed apparent veloc- 
ities in one standard Braun arbitrarily assumed as such standard the 
apparent velocity of a cloud 2,000 feet in altitude, whose absolute ve- 
locity is 1 foot per second, or the value of 17, given by him, expresses the 
linear velocity in feet per second of a cloud 2,000 feet high, whose ap- 
parent angular velocity is the same as that of the cloud actually ob- 
served. 

(b) Cecchi in 1872 adopted a form almost identical with that of Aim6 
in 1846, a full description of which, as given by Cecchi, is here quoted: 

A horizontal disk of wood or metal, on the edge of which are in- 
scribed the points of the compass (see Fig. 83), is fastened to a support 
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on a foot furnished with three 8ci:ews, which serve to level the instra- 
ment On this disk, which has a diameter of 20 centimeters, is placed 
a plane circular mirror 15 centimeters in diameter, which, by means of 
a convenient pivot, fitted centrally into this disk, can be made to rotate 
horizontally. The mirror has oA it a line through the center a&, and 
at the center a short traverse line, forming with the first a cross, as can 
be seen at o ; these lines are drawn on the amalgam of the mirror. The 
line ab has also a certain number of divisions, which may, for example, 
be centimeters. Under the disk there extends a brass arm that can be 
made to rotate fireely around by means of a movable ring at the ex- 
tremity of the support which sustains it. On the extremity A of this 
arm the upright AB rotates freely, causing the attached horizontal 
brass rod BP to describe a horizontal circle. This rod of brass has at 
P a diminutive ball, similar to the head of a large pin, and is fastened 
to the upright AB by means of a clampscrew with a ring, jB, which 
permits it to be clamped at any altitude. AB has a certain number of 
divisions that serve to measure the height of the spherule P above the 
plane of the mirror. 

To observe the motion of the clouds with this instrument one ought 
to begin by orienting it by means of a compass when the magnetic decli- 
nation of the place is known, or by means of a meridian line, which 
can be provisionally traced on the ground. The instrument may be 
placed on a window-sill or the balustrade of a piazza, or it may be 
fastened on a wooden tripod, at the height of at least a meter, with three 
leveling screws at the base. When once oriented three little holes 
should be made on the window-sill in the first case, or on the floor in 
the other case, precisely at the points touched by the three leveling 
screws. Thus it will suffice in the future always to place the three 
points of the same screws in the same three holes and the instrument 
will remain oriented ; otherwise it will have to be verified every time an 
observation is made. 

To make an observation the image of a point of a cloud is observed 
reflected from the mirror with the eye placed at a point, (Fig. 83), so 
as to perceive the image with sufficient distinctness back of the center 
c of the mirror. Then the little metal disk, which is soldered to the 
foot of the pointer JLPP, is taken in the hand, and the upright AB is 
made to rotate about its axis, while the lower horizontal brass arm is 
turned around the center o. In this manner the spherule P is made to 
describe the arc of an epicycloid in a plane parallel to the mirror, and 
is so placed that one may perceive its image at the x>oint P in the same 
direction OcP' as that in which the image of the cloud is found. 

The pointer is left in this position until the cloud has changed its 
position. Then replacing the eye in the same direction OoP, and ob- 
serving anew the center of the mirror and the image JP' of the spherule, 
the displacement of the cloud is perceived ; the mirror is quickly turned 
until the image of the point of the cloud is seen on the diameter ab and 
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travels along it. The position which is thus given to ah indicates the 
troe direction of movement of the doad. Thns, if the image is seen 
to move from the center c toward the NE., it follows that the npper 
wind is blowing from 8W., as is shown in Fig. 83. 

The precision attainable in this way, depending on the rotation of the 
mirror and on making the point of the cload traverse the diameter a5, 
is very great, and this, therefore, becomes an instrument of precision 
without great cost when the edge of the disk is divided to degrees and 
when the mirror carries a little metal plate projecting from one extrem- 
ity, 6, of the diameter, and provided with an index mark for reading or 
with a. vernier if desired. 

With the nephoscope above described the apparent velocity of the 
motion of the cloud can also be determined. For this purpose the 
pointer ABP is moved as above indicated so as to see in the same di- 
rection OcT* the center of the mirror, the image F* of the spherule, 
and that of the point of the cloud ; then the mirror is turned as de- 
scribed in such a manner that the point of the cloud selected runs along 
the diameter AB. 

The motion of the cloud is then followed, not keeping the eyo fixed 
in the direction OcV^ as in the above first method, but moving the 
head so as to see the image of the point of the cloud always behind the 
image P' of the spherule. The time required by the image of the point 
of the cloud to travel from the center of the circumference of the mir- 
ror, or to jbra verse a certain number of divisions of the radius, cA, is 
noted in seconds. Since the height of the spherule P above the plane 
of the mirror remains constant during this operation, therefore this 
second method gives sufficient data for determining the apparent ve- 
locity of the cloud. 

In the absence of a clock beating seconds there is added a little i>end- 
nlum, made of a ball of lead about 3 centimeters in diameter, attached 
to a little chain of such a length that the pendulum beats half seconds. 
This pendulum can be put* on the instrument itself or on any object in 
the vicinity, or may be kept in the hand, holding the end of the chain 
between the thumb and the index finger. 

As above stated, when it is desired to determine the apparent velocity 
of the cloud the motion of the cloud must be followed, not by keeping the 
eye fixed in the direction OcP, but by moving the head so as to keep 
the image of the x>oint of the cloud always behind the image 2^ of the 
spherule. In this second method the apparent velocity of a cloud is in- 
dependent of the height of the eye above the plane of the mirror, which 
is not the case in the first method. This second method is far more re- 
liable than the first. 

To understand this better, consider Fig. 84, in which the length of 
the arrow AB represents the displacement of the cloud observed by 
reflection in A'B* behind the mirror of the nephoscope; P represents 
the spherule of the pointer and P' its image. Keeping the eye fixed in 
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the direction OeA' during the motion of the cload from J. to jB we esti- 
mate the displacement by means of the length ca, measured on the 
diameter of the mirror. Bat if the eye is at 0"^ nearer to the mirror, 
then we estimate the same displacement A'B' by means of the length 
cij which is less than ca. Since, then, we can not be certain in differ- 
ent observations of always placing the eye at the same distance from 
the mirror, it is clear that this method may give erroneous results for 
the apparent velocity of the clouds, while at the same time it is a very 
easy method for determining the direction only. The second method, 
on the contrary, while it serves to indicate the direction of the cloud, 
also suffices to determine its apparent velocity. Let the eye be put 
either at or at 0" to observe the cloud at A'; then, moving the head, 
the eye is carried to O' to observe the same cloud at B', The displace- 
ment A'B' will be estimated by means of the length c&, which is the 
base of the triangle JP'cb and which remains the ^ame whatever may be 
the distance pf the point CH from the mirror. 

(c) In 1878 Linss published a method of using the nephoscope sub- 
stantially the same as that of Aim6 and Gecchi, and with the additional 
proviso that the sight-point P be kept at a constant height above the 
mirror, or at most that only two or three definite heights be allowed. 
He insists especially upon the importance of moving the eye so as to 
keep it always in a line with the reflected images of the cloud and the 
sight-point; thus the sigh^point always covers the cloud, and there- 
fore the angle upon which the distances JlOf or FI* depend has its ver- 
tex at the sight point P, and not at the observer's eye, as in Braun's 
method; in this method of observation, as Linss very clearly shows^ 
the large error that may be caused by bringing the eye unintentionally 
nearer or further from the mirror is avoided, and the similarity of the 
triangles rbc and PA'B' (Fig. 84) is fully assured. 

(d) Linss further adopts as a standard of velocities the angle that 
would be described in 1 second by the cloud starting from the zenith. 
In the accompanying diagram (Fig. 85) let Z, Wi , and TTa be, respectively, 
the zenith and the first and second positions of the cloud, mm' the path 
observed in the mirror. We have then the following relations: mm'=:a^ 

the observed length of the path described in n seconds; BB'=z-y the 
path described in 1 second if the cloud had started from the zenith ; 

BS' a 1 ^ 

where od is the angular velocity at the zenith jn a unit of time. The 

velocity expressed in radii, t. a., 

a 1 
osstan G?=5 ' r 

can easily be tabulated, and is used by Linss in the place of go in arc. 

The angular velocity thus computed is available for any eomparisons 
of the apparent cloud velocities, and should be entered in the observing 
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journal as the apparant angular zenithal velocity for the adopted unit 
of time. It has the advantage of depending on no arbitrary assumptions 
except that of the unit of time, which is taken to be 1 second. 

(e) From two similar determinations of a?] and ooz at stations of which 
one is elevated D meters above the otheri for which, therefore, the height 
of the cloud is H and B+Dj we get for the lower station the actual 
velocity of the cloud V=(H+D) tan g?!, and for the upper station 
F=irtan Q^, whence we deduce the true altitude 

jy_ D tan GJi 
~tan GJi— tan (Wi 
and thence the velocity 

y^-Dtg^^Jgjwi. 
tg a?8-tg G?i 

This method may be used at sea when a vessel is becalmed if obser- 
vations of GO are conducted long enough at the top and bottom of a 
mast to eliminate the effect of ship's rolling. 

(/) If at one station we observe the azimuth and the above quantity 

<?=tan CD, and also determine the linear velocity Fof the motion of the 

shadow on the ground, we get the true altitude of the cloud by the 

Y 
formula £r=&~. This method also is available at sea when the vessel 

c 

is not advancing. 

{g) In 1880 Fornioni described his portable pocket nephoscope or 
^^ nephodoscope,'' and introduced it among Italian observers. 

This instrument is shown in Fig. 86 ; it is adapted for observing only 
the direction of motion of the clouds, and is so portable, simple, and 
inexpensive that it should be in the hands of every observer who has 
not the more complete apparatus, but who desires to observe at least 
one element correctly. The following is Fornioni's description of his 
nephodoscope : 

Inside of a box of wood or metal, 8^ 15 centimeters in diameter, there 
moves freely on opposing pivots a magnetic needle. Above this nee- 
dle, and at a convenient distance, there is fixed horizontally a plane 
mirror, BB^ which decuples the whole of the inside of the box. 

On the polished surface of the glass are traced lines corresponding 
to the points of the compass, and the space between the north and the 
northwest, from which the amalgam has been removed, is divided to 
whole degrees, and permits of seeing the extremity of the magnetic 
needle for the purpose of orienting the apparatus more easily. 

A species of pointer T, free to move around the edge of the box, com- 
pletes the instrument. * 

When it is desired to observe the direction of a given cloud the 
nephodoscope is held approximately horizontal, or it is put on a level 
surface and oriented with reference to the true, not the magnetic me- 
ridian. 

The pointer T is then moved so that the eye forms the third point in 
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a visual line passing through the aperture of the pointer, the center of 
the mirror, and the reflected image of the selected point of a cloud. 

The direction of the displacement that the reflected image will have 
experienced after a time, proportional to the velocity of the cloud, or 
inversely as its distance, will constitute the exact direction of the move- 
ment of the cloud. 

This nephodoscope is in use with satisfactory results at the Boyal 
Observatory at Brera, the Central Meteorological Office at Bome, the 
observatories of Yelletrl and Vicenza, as well as among various ama- 
teur meteorologists. 

(h) In 1882, as the result of much experience, Finemann recommended 
to the Meteorological Committee in session at Paris, a form of nepho- 
scope not very different from that used by Aim6 and by Gamier, 
and which Finemann thinks most practical. Owing to the fact that no 
uniformity in apparatus or methods of using has as yet been widely 
enforced upon observers his recommendation is here given in full. The 
adoption by Finemann of the time required to describe an angle of 15° 
as the standard of apparent velocity is excellent, but is not so essen- 
tial as that the nephoscope itself be used as an instrpment of meas- 
urement to remedy the present general neglect of this very important 
subject 

Flnemann's nephoscope is of the following construction.* A vertical 
scale (Fig. 87) divided into millimeters, standing perpendicular to the 
plane of the mirror and entirely to one side of it, can be raised and 
lowered by means of a rack or button and slide at B. This scale is at- 
tached to a horizontal circle movable about the mirror, as in the appa- 
ratus of Fornioni, so that the scale can be placed at any azimuth with 
respect to the center of the mirror. As in the instrument of Fornioni, 
the mirror is graduated like a magnetic compass card, and below it is 
placed a magnetic needle, so that the mirror can be oriented. Around 
the center n of the mirror is traced a circle having a radius of b milli- 
meters. 

By raising or lowering the scale AB (see Fig. 88) it can be so set 
that upon the line AD a point, £, of a doud can be seen reflected at 
the center D of the mirror. If the point K moves in the direction 
KL this direction is found immediately by ob8er\ing the radius DFj 
along which the image moves. In order, then, to determine the relative 
velocity the time is noted that elax>ses between the moments when the 
image has been observed upon the line AD and when it is seen in the 
direction AF. 

It is easily seen that an image traversing a certain distance describes 
across the mirror a line whose length is independent of the azimuthal 
direction of the motion. 

From the observed time t necessary for the image to move along the 

^_^^ __■ __■■_ _ ■ j_i 111 I iM I ■ ■! r - M 

* InBtrnments of this constractioa are now made by J. L. Rose, of Upsala. Amer- 
ioan observers can undoubtedly get good ones made by any good mechanician. 
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radius a of the circle it is easy to calcalate the time T necessary for 
the cload to move from the zenith to a point 15^ distant. 

Let MR=BC==AB^bj then in t4ie vertical plane KLR we have mn= 
DF and co^^KRLj whence 

tan <»=— = — =-- 
b b 

If GO is described in the time t then 15^ will be described In the time 

_tga, 

The radius a is a known constant, and the quantities h and t are to 
be observed. By making as=26.8 we have simply 

T=:^=0.01W 
136. OBSEBTATION OV CLOUDS AT 8HA. 

Observations of cloud motion may be taken at sea if the nephoscope 
be held in the hand or mounted on gimbals. 

The apparent velocity and direction thus observed is, of course, a 
resultant obtained by combining the movements of the cloud and the 
ship. Let R be the height of the cloud and Vi the ship's velocity, roov- 

ing from the direction of the azimuth ^1, then -^= tan diy where 61 is the 

apparent angular velocity of the ship, as seen from the height of the 
cloud. 

Let Y% be the actual linear velocity of the cloud, then -^=tan 62 will 

give 621 the apparent angular zenithal velocity of the cloud, as seen from 
a stationary ship. 

The observer on a moving ship (see Fig. 89) records the apparent 
angular zenithal velocity of the cloud and the apparent bearing a of 
the azimuth whence the cloud comes, which are connected with axaiBi^^ 
by the equations 

tan cos as=tg 0% cos ^2— tg 0i cos ai 

tan sin asstg 0% sin oT}— tg 0i sin ai 
whence 

Fa . F, . F2 . 

"o^ Sin ^2— D^ sin oil "IT sin a2— sin ai 

*8 ^~ Ti Vl ^ Fi 

"nrcos ^2— "w- COS ay -y- COS flf2— COS ai 

Therefore, unless we can obtain the altitude H^ our cloud observation 
at sea can only give a result depending on the velocity of the vessel. 

Vi 
Fortunately the ratio y- may be made small, and. the effect of the 
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ship's motion is therefore negligible or can be estimated for, so that the 
observations are nearly as valuable as though the vessel were station- 
ary; conseqaently the use of the nephoscope at sea is to be strongly 
recommended. 

The altitude of clouds may frequently be determined at sea by the 
method of section 130, the observer being high up the mast and ob- 
serving apparent altitudes above the sea horizon. This method was 
used on the voyage of the French corvette Y€nu% in ld37-'39. 

137. THE NEPH08€0rE AB AN AZIMUTH INSTBUIIENT. 

The nephoscope can easily be used so as to give the apparent angular 
altitude and azimuth of the cloud, as well as the apparent velocity and 
direction of its motion, by which means it leads to absolute measures. 
The following remarks by Finemann are therefore as applicable to ob- 
servers furnished with nephoscopes as those furnished with more elab* 
orate altitude and azimuth instruments : 

The obseryations hitherto made on the clouds consider only the horizontal compo- 
nent of their motion and the relative horizontal velocity. This is all that a nepho- 
scope can give, and it is the only resalt that can be expected from stations of the 
second order or from the deck of a vessel. These results are without doubt of the 
greatest importance, but it i s evident that the determination of the true height, velocity, 
and path in space of the clouds, especially of the upper clouds, is a problem still more 
important. Thanks to the invention of the telephone, two observers placed at differ- 
ent stations can easily communicate with each other, and thus the principal difficulty 
of making direct measures is eliminated. Some experiments made in this respect in 
1S82 and 1883 at the Swedish polar station at Spitzbergen seem to show that the diiSl- 
cnlties in these measurements are not insurmountable. I have had established at 
Upsala two stations, distant from each other about half a kilometer, furnished with 
instruments necessary for these observations, and connected by a telephonic line. The 
first trials showed at once that it was not difficult for the observers to agree upon the 
same point of a cloud and to measure the angular co-ordinates with sufficient exact- 
ness. The execution of these experiments was entrusted to Messrs. Ekholm and 
Hagstrom, who, in a preliminary treatise, have already given an account of the 
method of observation employed by them, of the manner in which the observations 
have been calculated, and of the first results. Our base being too short, I established 
a third station at a distance of 1,302 meters from the further of the two stations just 
spoken of, in order to be able to determine more exactly the position of the highest 
cirrus. The observations have been made during the summer three times daily, and 
they have already given several valuable results. It is not to be doubted that the 
execution of such absolute measurements in other countries will be of the greatest 
usefulness. 

138. OBSBBYinONS OF THB YAITISHIKO POINT. 

A comprehensive view of the directions of the motions of the clouds 
over the whole sky is easily obtained by the following method, which 
was tried by me in a crude way in 1857 or 1858, but with better means 
in 1871, and frequently used between 1871 and 1880 by me at the Sig- 
nal Office. It is based upon the principle that all planes containing the 
observer's eye and the horizontal paths of clouds moving parallel to 
each other will intersect the horizon in a common vanishing point, 
whose bearing is the azimuthal direction of the motion of the clouds. 



334 BEPOBT OF THE CHIEF SIGNAL OFFICER. 

Upon this principle both a portable and a fixed apparatos were designed 
by me, of which the latter was constracted in the following manner 
(see Fig. 90) : A fixed horizontal gradaated circle, C(7, of several feet 
radins was supported at tbe height of the observer's eye. Upon this 
a similar circle, CC'j rested, taming aronnd easily in a groove. The 
semicircle 8Z attached to C^C represented the vertical circle through 
the observer's zenith, and could be set at any azimuth by moving OV. 
A second graduated semicircle, PSP"^ was pivoted at P and P', and 
could be set at any angle of elevation SOC'j where it was held by 
clamping to the semicircle CZO. By adjusting the movable circle 
OO and semicircle PSP the observer at is able to bring the plane 
JP8P' to coincide with the path TF] W2 of any cloud in any part of the 
sky, and then determines its apparent angular velocity v^KiOK^ in that 
plane. The graduated semicircle 8Z givas the angle SOC^j and the 
graduated circle OG gives the direction of the horizontal cloud motion. 
From the observed angular velocity v the apparent velocity F of a 
zenithal doi^d may be deduced by the following approximate formula: 

F=r cosec a cosec* d 

where a is the angular altitude SOC'j and the angle iSOJT measured 
on the semicircle F8P' from 8 to the point at which the doud velodty 
is observed. 

This apparatus is especially convenient for observations of auroras 
and their streamers, parallel bands of cirri, location of the zodiacal light, 
and the paths of meteors. Having set the plane PXP* so as to show the 
direction of motion of the lower clouds over any special portion of the 
sky, the author has frequently found that clouds belonging apparently 
to the same stratum have a perceptibly different direction of motion in 
different parts of the sky. 

This diversity of directions has sometimes been explicable by recall- 
ing the fact that the apparatus can give only the ^^ trace" of the planes, 
including the cloud motion, the observer, and the horizon^ so that any 
ascending motions in different parts of the surrounding region will 
affect the traces for the respective clouds. At other times this varia- 
tion has been explicable by the assumption that clouds in different 
portions of the sky are not moving in precisely parallel rectilinear direc- 
tions, but presumably in circles about some neighboring storm center, 
precisely as was subsequently demonstrated by the Swedish observeis 
Hildebrandsson, Ekholm, and Hagstrom. 

139. OBSERYATION OP POSITION AITGIE-MOHN'S ALT-AZUTOTH. 

The following method is recommended by Ekholm and Hagstrom as 
giving by very simple observation with ordinary measuring appa- 
ratus the means of obtaining apparent zenithal velocities, and conse- 
quently linear velocities if we know the altitude of the clouds (see Fig. 
91). A telescope with micrometer position circle, or the equivalent 
Mohu 'Hheodolite" for observing the aurora borealis, or the equivalent 
Keumayer apparatus for observing shooting stars, is arranged so as to 
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give directly the altitude and azimuth of a oload and the position angle 
of the cloud's apparent motion across the field of view, the latter being 
determined by setting the micrometer thread of the position circle so 
that the cloud follows it across the field of view. The apparent Telocity 
is obtained by timing the passage of the cloud along a portion of the 
thread. 
Let ^=iSOP= the desired angle that the azimuthal direction, whence 
' the cloud comes, makes with the meridian; this angle is 
measured on the horizontal circle from the south point 
through the west. 
y^HCM=tlie observed position angle of that end of the microm- 
eter thread that shows the apparent direction whence the 
cloud comes as it crosses the field of view; this angle is to 
be measured from the lowest point of the position circle 
towards the right as the observer stands facing the cloud, 
t. e., in the same direction as azimuths are counted. If the 
telescope be directed to the zenith the position angle and 
the azimuth angle will coincide. 
a=the observed altitude of the cloud=JSrOJT. 
5=the observed azimuth of the cloud=/80J. 
/3=nOP= cp— 6^= the diflference in azimuth between the direction 
of the cloud OH and of its starting point P. 
Direction, — ^We have, then, first to compute /? from the equation 

tan y5=tan y sin a 

where ft is always in the same quadrant as y) then compute g)s=i0+/3. 

Velocity. — Let the observed angular movement along the micrometer 
thread be x degrees in one second, counting from the center o of the 
field of view. The corresponding linear motion L of the cloud is as- 
sumed to be horizontal. 

Let J7=the linear altitude of the cloud above the observer, F=the 
angular zenithal velocity correspondiug«*to the linear velocity £ at an 
altitude, JET, expressed in degrees per second. 

Let the auxiliary angle d, which is always between +0(K> and — 90^, 
be found from the formula 

tan d=:Cos y cot a 

we then find V and L from the formulae 

tan F= . ^}^/,j, V L^H tan V 

sm a cos (o — ;t) 

140. TEniK'S GLOrO CAMEBA. 

The preceding method of observation and computation^ as recom- 
mended in 1884 by the Swedish observers, is substantially that which 
Vettin had already many years before embodied in his "cloud camera," 
with which simple and convenient apparatus he has collected many 
thousand observations. His apparatus is shown in the accompanying 
sketch (see Fig. 92), which gives a side view of the camera obioura sup- 
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ported on its tripod or stand. C is the object glass, a a mirror at the 
other end of a rectangular box; the lens forms an image of the cload upon 
the ground-glass plate e^ which is circular, and whose circumference is 
divided into angles or compass points, so that its Q^ or south point is at 
the upper ed^e of e. The center of this circle is shown by a cross-mark 
on the glass. A plummet hangs from % and the divided quadrant / 
gives the angle of elevation of the cloud. The radius of e subtends an 
angle of ^a whose vertex is at o, and whose value in arc is determined 
by pointing the apparatus upon some known terrestrial angle or, still 
better, upon the sun; in the latter case, observing t in minutes, the 
time required for the solar image to pass centrally across the circle «, 
we have in minutes of arc ^a^l&t cos ^, where 6 is the declination of 
the sun. A value of the radius such that this angle is between 15(K 
and 30(y of arc will be found convenient in practice. 

By means of a light movable index lying on e, or by making e rotate 
in its own plane, the angle of position of the apparent motion of the 
cloud is easily read ofif. After reading off the altitude on the quadrant 
/ the camera is brought to the horizontal position, and then a compass 
needle and circle on top of the camera, as at A, gives the azimuth of the 
cloud. 

Instead of using the formulsB of section 139, based on the altitude, 
azimuth, and position angle, Yettin has employed other devices, which 
are, however, not to be recommended as desirable for general use. 

For the purpose of comparing the relative velocities of clouds, in- 
stead of taking the angular zenithal velocity in minutes of arc per 
second of time, as is generally recommended by the Permanent Inter- 
national Committee, Yettin takes the corresponding linear velocity at 
an assumed unit altitude of 24,0(K) German feet or 1 German mile. 
This he calls the "projected velocity .'^ (See Zeit. Oest. Gesell. fur 
Met., 1883.) It is obtained by the formula 

F=24,00OxjX tan~a 

This "projected velocity" can be most easily obtained from observa- 
tion if the cloud appears to be moving horizontally, «. «., if the position 
angle ;/=90o or 270° ; therefore Yettin's usage is restricted to doads 
lying in the plane perpendicular to the direction of the vanishing points, 
for which case, however, the angular zenithal velocity V can also just 
as easily be obtained from the formula of section 139, which in this 
case becomes 

y=90o or 270O tg (y=± cota <J=9ao-.a 

tff V- ^^^^ ^ ^^°^ 

^ sin a cos (90— a— ;^) sin a sin (a+;t) 

This formula for V can easily be tabulated for the arguments a and x^ 
The use of the angular velocity (expressed in radii per second of time) 
of a zenithal cloud having the same altitude and linear velocity as the 
observed cloud is to be recommended as the most appropriate method 
of expressing the relative velocities of apparent cloud motion. 



SECTION D. 



THE MEASUREMENT OF AQUEOUS VAPOR 



SIO 87, PT 2 22 

337 



CHAPTER XIX. 

THE MEASUREMEi^T OF AQUEOUS VAPOR, 
141. HTeROMETRT IN 6BNERAL 

Water is present ia the air in two conditions, both as an invisible 
vapor and as visible particles of water and ice, and exerts important 
modifications in the properties of the otherwise dry atmosphere. Some 
of the phenomena that are due to true vapor offer convenient means of 
determining the quantity of water present. Other phenomena, espe- 
cially the optical, depending on the particles of condensed vapor, give 
indications as to the distribution of the particles, their shape, and size, 
which latter again depend largely on whether they are in a solid or 
liquid condition, namely, whether they are water or ice. The various 
methods of making all such determinations constitutes hygrometry 
in its broadest sense, namely, the art of determining everything relat- 
ing to the quantity and condition of atmospheric moisture. These 
methods will eventually be treated of in detail, and may be summa- 
rized in general terms under the following paragraphs : 

(1) The weight of the total vapor and fog present in the atmosphere 
is added to the weight of the dry air to give the total weight of the 
atmosphere. Therefore the weight of the water in a given volume of 
air is determined by exposing the measured volume of air to the action 
of chemicals that absorb all the moisture, and whose increase of weight, 
as shown by a delicate balance, gives the desired quantity of water 
actually present. This is known as the chemical method of determin- 
ing the absolute moisture. It was first used by de Morveau, in 1808, 
who used calcium chloride as the dryer. 

(2) When no fog is present the elastic pressure of all the vapor is 
added to that of the dry gaseous atmosphere. This pressure may 
therefore be determined, if no fog is present, by exposing a measured 
volume of air contained within a rigid inclosure to the action of chem- 
ical absorbents, and measuring by the manometer the consequent dimi- 
nution of pressure within the inclosure. This constitutes Edelmann's 
method. 

(3) In practicing the preceding method when any fog is present the 
air, befpre admittance to the inclosure, must be warmed artificially to 
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a measured temperature, such that the water exists only in a gaseous 
conditioiL The measurement of the change in pressure produced by 
the chemical absorbents give then a means of determining the total 
amount of vapor present whence the amount present as fog in the origi- 
nal condition of the air can be calculated. 

' (4) The volume of the vapor when no fog is present is simply added 
to the volume of the dry air. If, therefore, the absorbents act upon 
a measured volume contained in an adjustable inclosure, and we 
measure the resulting change in volume, we determine the volume oc- 
cupied by the vapor. This constitutes the principle of the method 
elaborated by Schwackhofer. 

(5) If fog be present in the initial condition of the air it must be 
warmed up until all fog has disappeared; the total volume occupied 
by the vapor can then be determined by Schwackhofer's process, and 
the quantity originally present as fog be calculated as before. 

(6) The last three methods for determining the amount of fog present 
in the air are based on the assumption that the space between the parti- 
cles of visible fog must be also saturated with invisible vapor, and on 
the further assumption that we know the relations between the temper- 
ature and the density, the elastic pressure, and the volume of the vapor 
in a saturated space. These latter relations are known only by means 
of special determinations made in physical laboratories; usually the re- 
sults published by Begnault, as revised by Broch, for the International 
Bureau of Weights and Measures are adopted. Henry, in 1855, ex- 
plained why the space between fog particles is not wholly saturated, 
and subsequent researches by WuUner,* W. Thomson, W. Gibbs, B. 
Helmholtz, Duhem, Sprung, etc.,t show that certain questions still need 
investigation ; but in general Begnault's table gives approximately the 
tension or elastic pressure of vapor in a space saturated with aqueous 
vapor at a known temperature. This latter temperature is known as 
the temperature of saturation or the dew-point; the density of vapor is 
approximately 0.623 that of pure dry air of the same temperature and 
elastic pressure. The possession of Begnault's table suggests a sec- 
ondary method of determining the amount of vapor present exclusive 
of any rain or fog, namely, by causing the air to become saturated, and 
then determining the changes in temperature or pressure or volume 
needed to produce such saturated air at any moment and place. 

(7) The temperature of saturation is determined by cooling a mass of 
rooiBt air containing a thermometer until it reaches the temperature at 
which dew is deposited or at which fog begins to become visible. This 
temperature is called the dew-point, and is at least very approximately 
the temperature of saturation, as given in Begnault's tables. With the 
known dew-point these tables give the tension, weight, etc., of the vapor 
in a unit volume of air saturated at that temperature. Dew-point ap- 

• Lehrbuoh, Vol. Ill, 4tli ed., 18a'>. U 82, 86. 87. ' " 

t See Galiteine Wied., Ann. 1833, B. XXXY, p. 200, 
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paratus of various forms have beeu devised by Le Boy (1751), Berzelius 
(1807),* and Daniel (1818). AmoDg tlie improved forma are those of 
Begnaalt, Bache, Allaard, Crova, etc. Espy, in his nephelometer of 
1835, and lately Helmholtz and Sprung, have determined the temper- 
ature needed to produce fog by expansion. 

(8) The change in volume or pressure consequent on saturating the 
air is the reverse of Edelmanu's and Schwackhofer's methods, and is 
used by Maytern. 

(0) ffygroscapes, — ^The depression of the dew-point below the tem- 
perature of the air shows the fact that in general the air is not com- 
pletely saturated; rigorously speaking, the existing deficiency of vapor 
is the difference between that due to the temperature of the air and 
that due to the temperature of the dew-point Thus, for air whose 
temperature is T and dew-point t, Begnault's tables give, respect- 
ively, W as the weight of vapor that could exist if the air were sat- 
urated at the temperature T, and tr as that which does exist in the 
actual atmosphere, which becomes saturated when cooled to the tem- 
perature t'y therefore the existing deficiency is W-^w. This latter is 
the absolute dryness of the air just as tr is the absolute moistness. 

The ratio -^ is known as the relative moisture or humidity ; this ratio 

is 1 or 100 per cent, when the air is completely saturated at the tem- 
perature ty as is frequently the case in rainy or foggy weather. The rel- 
ative humidity ^ is the complement of the relative dryness .T'^ . 

The absorption of vapor from the air by vegetable and animal sub- 
stances, porous earthen diaphrams, etc., is so largely dependent upon 
the relative humidity that these are used as a means of directly observ- 
ing the approximate value of this element. In most cases a correction 
to their indications is needed, depending on the temperature or the 
absolute humidity. 

These instruments are known as hygroscopes, and were first made 
by Delue and Saussure about 1781. Their scales are graduated empiri- 
cally from to 100 per cent, and any further corrections to this gradua- 
tion are determined by means of comparative observations with standard 
apparatus. 

( 10) SuJjphuric acid hygrometer. —If a thin film of strong sulphuric acid 
be spread over the bulb of a thermometer by simply raising it up out of 
the acid bath into the free air, a rise of temperature due to the absorp- 
tion of moisture from the air takes place, and its maximum value is 
easily observed. This rise is apparently approximately proportional to 
the absolute humidity, and can be converted into vapor tension by a 
few comparative observations with dew-point apparatus. This method 
constitutes Begnault's sulphuric acid hygrometer. 

(11) Psychrometer. — ^The cooling of the surface of evaporating water 
increases with the rate of evaporation, and' therefore with the dryness 

^fierseUoSy Forticliritt* d. Piiyaik, Vol. Ill, p. 63. 
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of the air aad the strength of the wind. When a thin film of water at the 
sarface of a thermometer cools by evaporation, the temperature of the 
surface of the water is given by this thermometer, while that of the air 
is given by a second thermometer. This combination, known as the 
August psychrometer, was used by Baam4 (1767), SanssnTe(1786), James 
Hutton (1792), and Leslie (1799), but re-invented by E. F. August (1825), 
who first gave the tables for determining directly by means of it the 
absolute humidity or dew-point 

As the rate of evaporation and consequent cooling depends largely 
on the velocity of the wind, a form was devised by Belli (1831) in which 
the psychrometer was placed in a well-regulated current of air, but Sans- 
sure's whirling wet-bulb was preferred by the French observers, who 
have adopted the sling psychrometer of Bravais (1836) or the equiva- 
lent whirled psychrometer, which latter is now also adopted by the 
Signal Service. 

(12) Spectroscope. — ^The presence of moisture in the air atfects the 
dark absorption bands and lines both in the visible and invisible por- 
tions of the solar spectrum, in proportion to the absolute quantity of 
vapor through which the light passes. Any method of detecting this 
influence by optical, thermal, or photographic means constitutes a spec- 
troscopic method of determining the amount of vapor through which 
the light has traveled. The apparatus for measuring the intensity of 
the aqueous bands usually gives only relative intensities with resi>ect 
to other portions of the spectrum. 

(13) Refraction methods. — The vapor proper affects the refractive in- 
dex, and therefore the refraction of the atmosphere, but these delicate 
influences, although allowed for in astronomical observations, have not 
yet been made useful to practical hygrometry. 

(14) Color and polarization. — The minute particles present in the at- 
mosphere, whether as globules of hail, fog, or mist, drops of rain, or 
crystals of ice or snow, produce special optical effects that give indica- 
tions as to the condition of the water and its amount. The condensa- 
tion of vapor begius with the segregation of its molecules into minute 
particles that nia}"^, so far as the optical phenomena are concerned, be 
either crystals or spheres, provided that they have diameters smaller 
than the wave lengths of light. Such small particles are invisible 
under the microscope, but when illumined by white light they send 
out a delicate light that is blue in the case of aqueous vapor, and is 
polarized in planes normal to the direction of the illuminating beam. 
To this effect of these particles is due the blue light of the ordinary 
clear sky and the blue haze of afternoon and evening in moist climates 
and the ordinary polarization of sky-light. Ultra-microscopic particles 
of any substance will apparently produce the same phenomena, but 
aqueous particles are the only ones likely to be present in such regu- 
larity and quantity as to take any important part in the formation of the 
polarized blue-skylight The blue light that issues from these minute 
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' molecular spheres is not to be regarded as the blue of the upper end of 
the solar spectram diffusely reflected by the surfaces of the small par- 
tides, since all wave lengths would equally share in such reflection 
and thus produce merely a delicate ^vhite light. Neither is this blue 
the result of dispersion by refraction of rays through aqueous spherules ; 
neither is it due to the diffraction of light passing between minute fixed 
spheres, but to a modified form of diffraction in which the obstructing 
particles are movable and each becomes the center, whence emanates 
such light as it can emit ; it selectively absorbs vibrations of a certain 
rapidity in the blue end of the spectrum, and emits these in all direc- 
tions, while the remaining rays pass on. The vapor particles are no 
longer gaseous and able to support many rates of vibrations, but have 
become those of a liquid or a solid, and with difficulty vibrate at other 
rates than the few that are peculiarly adapted to their molecular 
structure. 

The preceding is in outline the result of the studies of Stokes (1849), 
Tyndall (1869), Rayleigh (1871), and Bosanquet (1875), but the defini- 
tive utilization of their work for hygrometry still remains to be devel- 
oped. [See also Soret in Ann. Chim. et de Phys., August, 1888 (6), 
XIY, pp. 503-540; Heidinger (1852), BrUcke (1852), and Bubenson 
(1864).] 

(15) Cyanometry, — The blue light comes from the smallest spheres 
only, and these extend to great heights in the atmosphere, while the 
layers that reflect the white light are much nearer the earth's surface. 
The addition of larger particles of water introduces unpolarized white 
light reflected from them and that dilutes the blue light from the finer 
particles. The relative amount of the latter is shown by the measured 
intensity of the blueness and the peculiarities of the polarization. 

(16) Photometry. — When the aggregation of vapor has produced 
spheres whose diameter is greater than that of a given wave length 
the ordinary reflection and refraction becomes possible for all lesser 
wave lengths, and the blue gives place to the ordinary white light; 
therefore the haze gives a diffused white color, whose intensity depends 
upon the size and distribution of the particles and the direction of the 
lines of illumination and vision. Photometric observations, such as 
those of Pickering, will develop this method in hygrometry. 

(17) Diffraction. — When the layer of haze is not too thick, and the 
particles are small and uniformly distributed, difiraction rings, known as 
coronsB and halos, are observable. The angular dimensions of these 
rings depend on the relative size and distance of particles ; the dis- 
tinctness of the rings depends on the uniformity in size and distribution. 

When the particles are fine and rather more nearly crowded similar 
rings are observed, known as fog bows and diffraction rings, or aureo- 
las, due to regularly reflected light and whose size depends on the size 
and arrangement of the particles. 
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(18) Rainbow. — Still larger particles give the ordinary raiDbow and 
its sapernamerary bow, but large particles in falling lose their spheri- 
cal shape and go through a system of vibrations that have been in- 
vestigated by physicists, and that introduce appreciable modifications 
into the elementary theory of the formation of the rainbow. 

(10) Farlielia. — ^Reflections and refractions within crystaline forms of 
ice give parhelia and anthelia, the accurate observation of which gives 
much information in regard to the condition of the aqueous vapor. 
V (20) Ice spherules. — Beflections and refractions from fine particles, 
which, although frozen, yet have, because of the strong surface tension, 
retained the spherical form of the original water particle, may intro- 
duce a small percentage of polarized light into the light from clouds 
and haze« owing to the crystaline structure of ice. 

(21) Chud colors. — ^The thickness of a cloud gives it a dark under 
surface, which is, however, materially lightened by the reflection at the 
under surface of light from distant terrestrial objects and from the clouds 
themselves; thus, we see, under favorable circumstances, blue and 
green spots in clouds during the brighter afternoons of summer days, 
and the various tints reflected by low clouds at the time of sunset. 

(22) Absorption colors, — As the sun descends below the horizon its 
transmitted light is modified by the moisture and dust in the air. The 
more there is of these so much the more is the blue and yellow light 
absorbed, and the transmitted light becomes successively ashey, lemon, 
orange, amber, rosy-red, bright red, blood-red, copper color, and 
dark ; these are the colors of the sun's disk as we see it by transmitted 
light. The mountain tops, snowy peaks, haze, and clouds receive and 
reflect this beautiful transmitted light ; the higher haze diffracts it into 
successive rings, as seen in the sunset glows of 1884. Golorimetrio 
observations, such as with Maxwell's color box, promise to render these 
phenomena useftil in ascertaining the general hygrometric condition. 
Indeed, in a crude way these colors have been for ages used as local 
weather signs. 

(23) The heights of clouds. — ^The cooling of ascending moist air pro- 
duces by condensation the cumulus and other forms of clouds; the 
rate of cooling can be approximately calculated by thermo-dynamic 
methods, thus determining the altitude at which the dew-point is 
reached in a mass of rising air. Conversely the known height and 
thickness of clouds gives data for approximately determining the hu- 
midity of the surfac/C air at the point that the cloud started from, and 
the average condition of the air up to the lower limit of the clouds. 

(24) Actinometry. — The radiation received hourly from the sun de- 
creases as the sun's altitude decreases, owing to the slight absorption 
of heat by the dry air, and the far more effective absorption by the 
aqueous vapor and haze. The actinometer has therefore! been used to 
measure the solar radiation, and after allowing for the absorption of 
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the pure air, a maximam value is deduced of the average effect due to 
the vapor, whence some idea of its amount and character may be ob- 
taiaed. 

(25) Fog scale, — An arbitrary scale of the density of the fog, as ob- 
served at sea, based on the distance at which two standard objects can 
be distinguished from each other, can, by experimental comparisons, 
be converted into a rough measure of the quantity of moisture present 
as fog. 

(26) Sciniillation.^^Th^ initial process of condensation apparently 
produces a minute disturbance of refraction and dispersion that com- 
bines with the larger temperature changes to affect somewhat the twink- 
ling of the starlight; observatioxis of scintillation, therefore, may reveal 
something as to hygrometric conditions above us, although this phenom- 
enon is mostly due to refractions that are independent of atmospheric 
vapor. The views of students on this subject have presented many 
contradictions, but probably those advanced by.Exner (1886) are sub- 
stantially correct. 

(27) Aurora. — This silent discharge of electricity apparently depends 
essentially on the quantity and conditions of the moisture in the air; 
there are many indications that the auroral phenomena are due to such 
discharges, and already some general relations have been indicated be- 
tween the observed phenomena and hygrometric conditions. 

The preceding twenty seven paragraphs show the great variety and 
complexity of the phenomena introduced into meteorology by the pres- 
ence of water in the atmosphere. The general development of the broad 
field of optical hygrometry for the use of meteorologists will be postponed 
to a future occasion; for the present we will analyze only the ordinary 
physical apparatus and methods used in obtaining strictly local condi- 
tions. 

149. GENERAL RELATIONS RETWEEN TAPOR AND HEAT. 

The weight, tension, and temperature of the vapor in the atmosphere 
are related to each other in such a way as to give rise to the following 
generalizations : 

(a) Elastic pressure* — ^The tension or elastic pressure of aqueous vapor 
in a saturated atmosphere depends upon its temperature only, and is 
known accurately from laboratory measurements ; those made by Beg- 
nault are adopted by meteorologists. An illustration is given in the 
following table, which is an abstract of the larger table given by Broch 
in the first volume of the Travaux et M^moires of the International 
Committee of Weights and Measures ; the pressures are expressed by 
the corresponding heights of the mercurial barometric column at stand- 
ard temperature, density, and gravity, and are computed by a formula 
that represents the whole range of Begnault's observed pressures : 



346 



REPORT OP THE CHIEF SIGNAL OFFICER. 



Metric ayatcni. 



Engliah systeiu. 



Temper- 
ature. 



KlMtic 
preMure. 



Weight of ! 

vapor in a 

saturated 

cubic 

meter. 



Temper- 
at are. 



I 



oQ. 


1 


-30 


0.381 


-20 


0.944 


-10 


2.161 





4.560 


+10 


9.140 


20 


17.363 


30 


31. 510 


40 


54.865 



QratnM, 

0.43 

1.02 

2.26 

4.83 

0.33 

17.12 

30.05 

50.63 



- 30 

- 20 

- 10 


+ 10 
20 
30 
40 
50 
00 
70 
80 
90 
100 



ElaaUc 
pressure. 



Inehta. 

0.009 

.016 

.027 

.045 

.071 

.109 

.167 

.216 

.360 

0.617 

0.732 

1.021 

1.407 

1.918 



Weight of 
vapor in a 
saturated 

cubic 

foot. 



Grain*. 

0.12 

0.21 

0.35 

0.54 

0.84 

1.30 

1.97 

2.86 

4.09 

5.76 

7.90 

10.95 

14.81 

19.79 



The agreement of the results of the measures of elastic pressure, as 
made almost simultaneously by Begnault and Magnus, is such as to 
show that the numbers given by either do not differ 0.05°"™ at tempera- 
tures below 3(P C, and that Regnault's are not likely to be in error by 
more than that amount, which is equivalent to an uncertainty in the 
observed temperatures of 0.02o C. at 30o C, but of 0.15o 0. at 0^ O. 

(6) Density. — The density of aqueous vapor, relative to pure dry air 
at the same pressure and temperature, has been directly determined by 
Begnault, Wullner, and others with sufficient precision to justify the 
adoption of 0.623 as correct and constant within the ordinary range of 
temperature and pressure. The value 0.622, deduced from Gay Lussac's 
law of volumes, is, however, preferred by some as equally reliable. 

The volume of dry air at a pressure of 760°*™ of mercury under stand* 
ard gravity and temperature Q^ G. being taken as unity its relative 
volume for any other temperature and at the same pressure is in En- 
glish measure 1+0.0020361(^—32), or in metric measure 1+0.003667 x^ 
The relative density is the reciprocal of the volume, whence the follow* 
ing table results : 
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For dry air 


under prewnre of 760*". 


For dry air u 


nder pressure 


of 30 inches. 


Tempeimtare. 


Volame. 


Density. 


Temperature. 


Volume. 


DcDsity. 


OC. 






—90 


0.88M0 


1. 12861 


— 30 


0.87377 


1. 14447 


—20 


0.82860 


1. 07914 


— 20 


0.89413 


1. 11840 


—10 


0.96333 


1.03807 


— 10 


a 01440 


1.09360 





LOOOOO 


1.00000 





0.93485 


1.0(1909 


+10 


L03d67 


0.96462 


+ 10 


0.95521 


1.04689 


20 


1.07334 


0.03167 


20 


0.97557 


1.02504 


+30 


1.11001 


0.90089 


30 


0. 99593 


1. 00410 








40 


1. 01629 


0.98394 






• 


60 


1.03664 


0.96465 








60 


L 05700 


0.94607 








70 


1.07736 


0. 92819 








80 


1. 09772 


0.91008 








00 


1. 11808 


0.89439 








+100 


1.13845 


0. 87839 



(c) Weight — From the preceding it follows that the weight of vapor 
is known as soon as the weight of a unit volume of air at standard tem- 
perature and pressure is known. The latter datum has been given by 
Kegnanlt, who found that 1 liter of pure dry air, at (P 0. and 760"", at 
his laboratory, weighed 1.29321 grams, which figures, as recomputed by 
Broch for the International Bureau, for a pressure of 760"" under 
standard gravity (see Trav. et M6m., Tome I), becomes 1.293052 for 
ordinary dry air containing 0.0004 parts of carbonic acid gas. Hence 
a cubic foot at 32^ F. and 30 inches pressure under standard gravity 
weighs 536.565 grains Troy. The complete expression for the weight of 
a unit volume of vapor therefore becomes as follows : 

French measures: 

0,623 X 1.29305 x L^P^LP*^?!? or [7.0253401 x vapor pressure 

English measares: 

0.623 x 636.565 x ^"P*"* P^^"*"^ or [1.070617] x vapor pressure 

With these formulse are computed the weight ot vapor in a cubic 
meter or in a cubic foot, as given in the preceding tables. 

Omitting the factors 0.623 and substituting air pressures for vapor 
pressures we have the following formulse for the weight of the dry air 
aloue : 

French measures: Weight in kilograms of a cubic meter or in grams 
of a liter of air 



«1.29305x ?i^^^^?^ or [7.230852] x air pressure 
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English measures : 
Weight in grams of cubic foot of air=[ 1.276129] x air pressure 

(d) Relative humidity. — ^The relative humidity has been described as 
the ratio or percentage of the vapor actually present at any time in a 
given volume of air to that required for the full saturation of the same 
volume. But, strictly speaking, it is a relation between the vapor and 
the space within which it is contained, and should be defined independ- 
ently of any reference to air or other gases that may co-exist in that 
space. 

The preceding formulte show that for a given temperature of the 
vapor contained in any space the relative humidity may be computed 
either as a ratio of weights or a ratio of elastic pressures; therefore 
the formula for the relative humidity is 

Prevailing elastic pressure of the vapor at temperature t or elas- 
pj_ tic pressure corresponding to temperature tp of the dew-point 

"^ Elastic pressure corresponding to the temperature t of the vapor. 

thus, if the observed dew-point or temperature of saturation is +10^ G., 
but the observed temperature of the vapor and air is 4-2(P 0., we have 

9 140 
Belative humidity =.-;;-;r-n; =0.53, or 53 per cent, of saturation. 

ll.OOO 

(6) Volume of air and vapor. — If water evaporates into dry air the 
elastic force of the mixture is increased by the amount of the vapor 
tension, and if free to expand, as is ordinarily the case in the atmos- 
phere, the mixed vapor and gas will occupy a larger volume. If not 
free to expand the mixture will press outward with additional force. 
Let the mixture be free to expand to the volume n', so as to maintain 
the same external pressure p and temperature ; if the mixture is satur- 
ated with vapor a unit volume will consist of n volumes of dry air, 

whose tension is jp^, and (n^— n) volumes of vapor whose tension is e; 
we shall then have the equation 

n 

' from which 

1 



11' =11- 



1-^ 



By this formula is calculated the following table, which ahowa the 
increased volume n' that is occupied by the saturated mixture at diffisr- 
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ent temperatnres when the original volazne of dry air at the same tern* 
peratare is unity: 



English meMores. 
p^ZO incbd*. 


Hetrio meMarM. 
ji=700--. 


Tempent- 
tare. 


n' 
n 


Tompen- 
tnre. 




OF. 




oC. 







1.0015 


-30 


1.0005 


10 


1.0023 


-20 


1.0012 


. 20 


1.0036 


-10 


1.0028 


80 


1.0060 





1.0060 


40 


1.0083 


+10 


1.0122 


50 


1.0120 


20 


L0284 


00 


1.0172 


30 


1.0432 


70 


L0254 


40 


1.0778 


80 


1.0352 






00 


1.0492 






100 


L0082 







(/) Weight of air and vapor, — The combined weights of a volume of 
air and of the vapor that would saturate that volume at a given tem- 
perature, as given in preceding tables, divided by the combined volumes 
given in the last table (by which the volume of the mixture is seen to 
be greater than either one alone), gives the weight of a unit volume of 
the mixture, namely, a unit volume of saturated air, as in the following 
table (see Olaishier Hygrometric Tables, 5th ed., 1869) : 

Weight of a imHofoot of $aturated air under a presture of 30 inchu. 



Tempentare. 


Weight. 


OF. 


Oraint, 





606.0 


10 


502.9 


20 


580.8 


80 


568.0 


40 


556.0 


60 


544.3 


60 


532.7 


70 


521.1 


80 


509.4 


PO 

1 


497.3 


100 


486.7 



143. DIBICT DITIRMINATIOll OF TBE WRIGHT OF WATER IN THE AIB. 

If a definite volume of air at a known temperature and pressure be 
drawn through a drying tube, namely, one containing some chemical 
that has a powerful affinity for water, nearly all the water is absorbed 
apd ^retained by the ch^u^ical ^ therefore the increase ii^ weight of this 
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Bubstance shows the total weight of the vapor and tog formerly preeeDt 
in the air. The weight thus determined^ when divided by the original 
volame of the mixture, gives the absolnte qoantity in a nnit volume. 

The limit of accoraey with which the weight of the atmospheric water 
may thas l>e determined, although barely such as to satisfy certain 
physical inquiries, is in excess of the ordinary needs of meteorology. 
Our knowledge of this subject has been carefnlly reviewed by Morley 
[Am. Journ. Sci. (3), XXX, p. 140, and XXXIV, p. 199], firom which it 
would appear that air passing in a slow current of 1 or 2 liters per hour 
through a fine tube, and then through larger drying tubes over a large 
surface of glass-wool, covered with strong pure sulphuric acid of a den- 
sity of 1.84, has left in it not more than the 0.0025 of a milligram of 
water per liter of air. 

A similar experiment, in which tbe air passes at the rate of 2 or 3 
liters per hour through a tube 2 centimeters in diameter and 8 centi- 
meters long, filled with phosphorous pentoxide and glass-wool, shows 
that the air does not then retain more than tbe 0.0025 of a milligram of 
water per liter of air. 

The determination of the quantity of water by chemical absorption 
and weighing, requiring as it does delicate and expensive apparatus, is 
used only in determinations of fundamental physical data and by phys- 
icists more than by meteorologists. To a certain extent it can be con- 
sidered as an integrating hygrometer when the air is drawn in slowly 
from the outside free air during a stated interval of time. 

144. THE DIRBCT OBSERVATION OF THE TENSION AND TOIVME OP TAPOR. 

The methods proper for this object are embodied in the apparatus of 
Edelmann (modified by YoIIer and Hasselt), of Benoux and Matem, and 
of Schwackhofer, respectively. 

(a) JEdelmann^s method (Zeit. Oest. Oes. Met., 1879, XIV, p. 54).— In 
this method a definite volume of air is drawn into the receptacle B (see 
Fig. 93) through the two-way cock c by suction at the smaller cook a, 
and its temperature and the pressure are accurately determined after 
closing both stop-cocks by means of the thermometer 7, an exterior 
barometer, and the attached manometer M. The air within B is then 
subjected to tbe action of a drier (sulphuric acid) that flows from 8 
through c into 22, while a little air flows from B through b and k into Sj 
the upper part of which latter is closed by the glass stopper. The 
absorption of tbe moisture in the air causes a partial deficiency of 
pressure in 12, which is measured by the manometer If, and gives the 
means of ascertaining the volume of vapor absorbed. 

The accuracy of this apparatus is limited by the completeness with 
which the chemical dries the air and the accuracy of the observations 
of the manometer and tbe temperature of the air within the receiver; 
to secure tbe latter tbe glass receiver R contains a thermometer and 
is inclosed in a non-condiicting case, Illl. For convenience of cleaning 
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and drying preparatory to a second measurement the receiver has at 
each end large openings A and B^ which are closed by large robber 
stoppers^ into which the smaller parts are permanently set, as shown in 
the figure. The stoppers are easily removed and replaced. The for- 
mula for the computation of the vapor tension is derived as follows : 

Let V be the volume of the receiver, b the pressure, T the tempera- 
ture, and e the unknown vapor tensionof the confined air. Let -^ be 

the density of the liquid (oil) in the manometric tube, whose ilection is 
q; let h be the change in the height of the column observed by the 
manometer and expressed in millimeters and T the temperature, and 
assume that the external pressure, as shown by the barometer, has 
changed to V during the observation. The pressure within the vessel 
becomes (b-^e) after the drying operation, but the air is now distributed 
through a new volume depending on the expansion of the vessel by 
temperature and the slight contraction due to inflow of nmnometric 
liquid ; therefore the change in pressure, expressed in millimeters of 
mercury, becomes 

whence 






.- !+«< 



The accuracy of this method is seriously impaired by the fact that the 
air in the receiver is by no means completely dried within a few minutes, 
but may require several hours, unless means are taken to produce a 
thorough exposure of every portion to the sulphuric acid, and this re- 
mark is true to a less extent of the modified form of Edelmann's appa- 
ratus, suggested by Hasselt, in which phosphoric acid is used. 

The above method measures only the vapor pressure due to the vapor 
proper, and takes no account of the fog particles. If the latter are to 
be measured the foggy atmosphere must be warmed up to a higher 
temperature and made perfectly gaseous before entering*the receiver. 

(b) Maternh method. — Instead of absorbing the moisture and measur- 
ing the diminution in volume or tension one may bring the air to satur- 
ation either by cooling it directly to the dew-point or by cooling it by 
expansion, as in Espy's nepheloscope, or by adding as much water vapor 
as the air requires to become perfectly saturated. This latter is Ma- 
teru's method (see Wiedemann's Aunalen, 1880, IX, p. 150, and X, p. 
140), which consists essentially of the following processes : 

In an open cylindrical vessel a piece of paper saturated with water is 
placed; then the cylinder is closed by laying its cover upon it, to which 
a thermometer and manometer are attached as in Edelmann's apparatus. 
The evaporated liquid adds its tension to that of the original air, and 
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when saturated the increaae in pressare, together with that dae to any 
change in temperature or of external pressure, is shown by the ma- 
nometer. These last-mentioned changes in external pressure and tem- 
perature can, however, be rendered zero so far as affects the manometer, 
by setting the whole of the preceding apparatus within a larger vessel, 
which is hermetically sealed, or by simply att^K^hing the open end of 
the manometer to such a closed vessel; the manometer then gives the 
changes due only to what occurs within the inner v^essel. If the paper 
be saturated with sulphuric acid instead of water, then the inner ve8sel 
shows lower pressure and the method becomes one of absorption, but 
with this advantage over Edelmann's that the annulment of the change 
in outer temperatures and pressures produces a simplification of the 
formula for computing the vapor tension from the observed barometric 
change. 

Let Y and Y' be the volumes of air in the inner or saturating and the 
outer or pressure vessels, respectively; let ft, ^, and e be the pressure 
temperature and vapor tension within V at the time of closing it up ; 

- be the density of the oil or other liquid in the manometer tube in 

terms of the density of mercury for which crslS.G ; let q be the area 
of the section of the manometer tube, & the observed change in the 
height of the manometer liquid when the saturation is complete, T the 
new temperature of the saturated air, and B the corresponding Beg- 
nault's vapor tension that must prevail in the interior of the vesseL 
The coefficient of expansion of the gas for lo 0. is ^=0.003665. 
The pressure in the saturation vessel rises firom e to 

F 1+aT 
The pressure in the outside or manometer vessel rises firom h to 

2 

In both of i;hese the factors in F and F^ take account of the changes 
in volume due to the slight movement of the liquid in the manometer 
tube. 

The change in pressure observed by the manometer is \^ , and is the 

difference of the two preceding formulae; the equation obtained by 
equating these quantities after some simplification by omitting small 
fractions gives 

where 



• 69 F+F 



2 "TW 



%. 
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c is SO nearly constant that its mean value may be used without incur- 
ring an error of 1 per cent. The neglect of the denominator in the value 
of e involves an error of 1 per cent, when the change in temperature 
(T— t) is 2|o c. The multiplication of A by c can be avoided if the divis- 

Imm 

ions on the manometer tube be instead of whole millimeters. 

c 

In the apparatus as used by Matern F=279.5 and P=319.7 cubic cen- 
timeters, g=0.0560 square centimeters; whence for 6=760 millimeters 

there results - =12.15. 

c 

If the outer or concentric vessel is not used, and there be a small 
change in the outer pressure, then the above formula for e becomes 
more complex, while by the very construction of the apparatus the 
uncertainty in the accuracy of the temperature also becomes greater; 
therefore this form is not to be recommended. 

[Note. — Angnst, 1888. Since writing the above I disoover that in 1858 Renonx de- 
veloped a method equivalent to Matem's (see Paris C. R., XLVII, p. 354). Conse- 
quently Matem's is only to be considered as an improvement by reason of the external 
Teasel added by him.] 

U and € are now known in millimeters, but if the weight of vapor re- 
quired for the process of saturation and corresponding to U-^e is desired 
then the density of saturated vapor is given by the expression 

jy_ O.OOOlOG Jg 
1+aT 

Let ^=the weight of a unit volume of air; consequently the total 
weight corresponding to the tension E^e becomes 

W=DVg 

As the operation of evaporation cools the wet paper, and therefore 
the air around it, this might be supposed to possibly affect slightly the 
temperature of the whole ; but the preceding value of W multiplied by 
the latent heat in calories (606.5—0.695 T, according to Begnault) shows 
that in extreme cases the resulting effect on the temperature of the in- 
ternal air is not greater than 0.5^ C. for F=300 centimeters, and this is 
so rapidly communicated to the walls of the vessel as to produce no 
appreciable cooling. 

If sulphuric acid be used to dry the inclosed air then the pressure 
in the vessel v becomes diminished and the manometer shows a fall h\ 
The equations for this case are the same as for the preceding if only 
the sign of h be changed and the quantity E be considered as zero, 
and we have thus the final equation 

he 



1+^(T— f) 



-where o has precisely the same significance as before. 
SIG 87, PT 2 23 
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If, however, ia this latter case we omit the outer or maaometer ves- 
sel and allow free commanicatioa with the air we have returned to the 
form recommeuded by Edelmann. 

The accuracy of this method of saturation is limited by the difficulty 
with which the air becomes completely saturated by merely standing 
in contact with a wet surface. Evaporation is a very slow process, de- 
pending on the surface tension of the liquid, the temperature, moisture, 
and motion of the air ; in fact the air may be full of moisture in the 
shape of globules of water for hours without being saturated with the 
true aqueous vapor. There is, moreover, some doubt as to whether 
the Eegnault vapor tensions for an atmosphere of pure aqueous vapor 
hold good exactly for mixtures of air and vapor at the same tempera- 
ture. Kegnault himself found that vapor in the presence of air gave 
tensions appreciably smaller up to 0.8""" than for pure vapor without 
air [Aunales de Chimie et Physique (3) XV, p. 130], but WUUner (Lehr- 
buch der Exp. Physik, 4th ed., Vol. Ill, 1885), has explained this other- 
wise, and the effect of the presence of air is considered inappreciable. 

(c) SchicacJchofer's method, — This is illustrated by Fig. 94. In this 
method a definite volume of air is drawn through the openings a and b 
and the three-way stop-cock x into the receiver B, which is inclosed in 
a chamber full of glycerine for security in determining the temperature 
by mea,ns of the thermometer t A definite volume of air extends 
from X through B down through the graduated tube c to near the scale 
at its bottom, where the air is limited by a surface of mercury that 
fills the small space y and the bottom B of the glass cylinder P. By 
means of the loose wooden piston F and the screw at its upper end the 
mercury can be pressed down and out at B and up into B, while it also 
rises to the same height in the narrow ring of space between ^ and the 
walls of the cylinder. In fact it was by raising the piston at first and 
allowing the mercury to fiow down from B that the air was drawn from 
a into B'j when the air had filled c the stop-cock a was closed, and the 
temperature in B and scale reading on c were noted when they had 
become stationary. The stopcocks a and /3 are now so set that com- 
munication is opened between B and the drying chamber A, which is 
a cylinder full of glass rods and strong sulphuric acid. The latter 
reaches up to a certain limiting mark, m. A has two small openings 
at by which it communicates with a larger vessel half full of sulphuric 
acid. By grasping the elastic bag z more air can be forced into this 
vessel, thus driving the sulphuric acid through o into A up to m, 
where it stays when the stopcock q is closed. The air is now pushed 
from B into A by the action of the piston jP, which pushes the mercarj 
up until B is filled. The sulphuric acid in A is pushed down into the 
outer vessel, the stop-cock q is opened, and the air in the vessel escapes 
into z. When the air in A is dried sufficiently the observer grasps the 
elastic bag z, forces the sulphuric acid into A, and that in A into m, and 
at the same time turns the handle that raises J^, so that the air returns to 
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B almost perfectly dried and under the same pressure as before. But 
when the sulphuric acid has ascended to m the air in B havin^i^ lost its 
volume of vapor will not reach down to the original reading on the 
«cale c unless such agreement be forced by a change of temperature 
or pressure. A. change of temperature, if any occurs, is shown by the 
thermometer t A change of pressure is counteracted by the use of 
the pressure tube d. This latter is parallel and similar to o, but needs no 
special graduation. It opens at the bottom like o into the mercurial cis- 
tern y^ but at the top it opens into the free air, excepting that some cotton- 
wool at W intercepts the dust and insects. When F is turned so as to 
lower the mercury and force it up the tubes c and d the mercury in o 
will stand at a greater height than that in d so long as the dry air in d 
is at less pressure than the free air at W. This difference will become, 
however, rapidly diminished as the mercury rises in c. The observer 
therefore raises the two columns of mercury until they coincide as to 
height and then reads off the divisions of the scale c. This gives in 
hundredths and thousandths the value of the volume of the original 
bulk of air that has been abstracted from c and B by the absorption of 
vapor. The final act eonsists in connecting B with a or b by the stop- 
•cock or, and expelling the air from B, bringing the mercury up to the 
level nd. The apparatus is then ready for a new observation. 

In using this apparatus care must be taken not to draw in air from a 
distant place through tubes that will alter its hygrometric condition. 
Before drawing in the air, and es^cially before setting the stop-cock to 
drive the air from B into Aj the sulphuric acid must be carefully adjusted 
to the mark m and the mercury must be at the line n at first, and then 
after air is drawn in the mercury must be lowered to the division on 
c. The indraft and subsequent expulsion of fresh air should be repeated 
until any moisture left in B by previous observations is expelled. The 
mercury in o and d and the temperature t should be stationary at the 
moment when the stop-cock a is closed. The expulsion of B into A and 
its return should be repeated in order that the air may be perfectly 
dried, and all air bubbles in A should be allowed to rise above the mark 
m. When the heights in the columns d and o have been made the same 
by raising the mercury in both, the stop-cock /3 being closed, a slight 
correction for the defective pressure in the tube above the mark m 
is needed. This is avoided by opening /? and again adjusting the sul- 
phuric-acid column to the mark m by squeezing ;;, while also by the 
piston F adjusting d apd c to equality. Any doubt as to whether the 
air is thoroughly dried, and, in fact, an estimate as to how completely 
the air can be dried by one exposure in the chamber A, is easily got by 
making a series of transfers from BtoA and return, and making a com- 
plete computation of the vapor tension after each of these processes. 
Sworykin finds that air containing 2 per cent, in volume of vapor 
requires six successive exposures in A to be sufficiently dried. One 
charge of 600 grams of sulphuric acid suf^ces for many thousand deter- 
minations. 
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The exterual barometric pressare is to be read off as usual after the 
beginning and end of the process, if the vapor tension and other data 
are to be determined, bnt this is not needed if the object is merely to de- 
termine the percentage of volume of vapor and dry air. 

The Schwackhofer apparatus has been used with much care for com- 
parative observations by Sworykin, whose method of computation of 
the humidity of the air is as follows: Let F, J7, and t be the volume, 
temperature, and pressure of the air inclosed in the receiver B; let Fi, 
jSi, and U be the same data after the air has been dried and returned 
to the receiver. At the beginning JJ is the same as that of the outer 
air, but the outer H and therefore the inner pressure Hi may have 
changed in the interval. The effect of such a change amounts frequently 

to 0.1°>°* in the resulting vapor tension. The new volume Vi differs 

1+aiti , H 

from V by the change due to temperature . , . and pressure w and 

ff /« 

to drying — v^^, where x is the tension of the vapor that is withdrawn 

Jrz 

by the absorbent ; therefore V becomes Vi , or 

whence 

F, 1+at 

Although the changes in pressure and temperature are small, yet they 
must be carefully attended to. The effect of such changes is shown by 
writing the preceding expression in the following form : 

Let 

where dv is the percentage, as read directly from the graduated tube of 
the Schwackhofer apparatus, by which the original volume F has been 
diminished by absorption or other causes; the expression for x now be- 
comes 

Therefore at ordinary i)ressure8 an error of 0.013 in dv entails an 
error of 0.1™° in the tension x. An error of 1°° in the same direction in 
both the pressures J? and Hi entails an error in the resulting a?, which, 
for a maximum velocity of dr=2, is about 0.2™°>. An error in H^-^H 
or in JHof 0.1™™ affects x by its full amoiiut. An error of 0.036^ C. 
temperature produces an error of 0.1"*™ in the vapor tension. 

From a series of six successive dryings and measurings of the same 
volume of air Sworykin concludes that the last three successive dryings 
removed in all 0.08™™ of vapor tension from what had been left in the 
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air after previoas dryings, and that the final remainder mast be less 
than this. This remainder is the constant error of the apparatas, and 
to diminish it as much as possible he always passed the air six times in 
and out of the drying chamber before completing his measurement of x. 
He states that the probable accidental error of each measaremeut is 
±0.024™"* over and above this outstanding small constant error. 

The above measurement takes account only of the gaseous vapor. 
Any fog that is present in the original volume of air in B affects the 
result only to the extent of the inappreciable volume occupied by the 
minute particles, but the quantity of vapor then present can be de- 
termined if the air be warmed until the fog evaporates completely. To 
this end the apparatus is kept in a warm place at the temperature of 
the warmed air that is to enter B. Let the original barometric pressure 
be jGT, the temperature of the fog be t, and the corresponding vapor ten- 
sion 0, as given by Eegnault's tables for saturated pure vapor ; let the 
temperature of the warmed air be T and the new vapor tension be e+E^ 
where E is that due only to the evaporated fog at the temperature 'T. 
Let the volume of the vapor in the warmed air, as measured by the 
Schwackhofer apparatus, be t?, we have 



whence 



t?=10oZi^=100^=100-+? 



100 



145. CONDENSATION METHODS. 



By cooling a space containing vapor until the temperature of satura- 
tion is reached phenomena are produced that enable the observer to 
determine this temperature. 

Tyndall has shown that when a tube full of an invisible and nearly 
saturated mixture of vapor and gas, perfectly free from dust, is exposed 
to the action of a beam of light the vapor immediately begins to con- 
dense and a beam of polarized blue light, that gradually changes to 
ordinary white light, is emitted. This not only affords a delicate test 
of the condition of saturation, but also shows that air may^ be nearly 
saturated in the dark and yet appear foggy or supersaturated in a 
strong light. It would appear, therefore, that strong light produces a 
deposition of fine particles, such as themselves produce the blue color 
and other optical effects, even when the air is far from being saturated 
in the sense of the word as used in the physical laboratory. 

Aitken and others have shown that the presence of hygroscopic dust 
particles in the air accelerates the formation of visible fog and rain 
particles. Thomson, Dnhera, Gibbs, Terquem, and others have shown 
that visible fog may exist in the air, even though it may not be other- 
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wise satarated, by reason of the relations between surface tension and 
diffusion. 

Eeguault has shown [Annales de Ghimie et de Physique (3), XY, p. 
130] that vapor tension is apparently less, or the temperature of satura- 
tion is lower when vapor is mixed with air, nitrogen, or other gases 
than when it is pure. WUUner and his students, however, have made 
it probable that this diminished tension may be a phenomenon of sur- 
face condensation, etc., in the apparatus. 

Joseph Henry (Scientific Writings, II, p. 5, or Smithsonian Beport^ 
1855, p. 214) showed that fog particles, if sufficiently small, may, by 
reason of surface tension, exist indefinitely in an atmosphere that is 
not saturated. [See also Galitzine, Wied., Ann. 1888, B. XXXV.] 

It would seem, therefore, from the preceding physical peculiarities that 
the temperature of saturation with which the meteorologist haA to do 
in the presence of the sunlight, the dust, and the air may, for all these 
reasons, be lower and may occur with a lower vapor tension than was 
the case in the fundamental experiments of Begnault on the tension of 
steam, where diffuse light occurred with little or no dust or air. 

When, therefore, the meteorologist observes that the air is misty, 
whether the natural air or that which he has inclosed and cooled in 
order to determine its temperature as being that of apparent satura- 
tion, he has need to recall that there may be a slight correction to the 
Begnault vapor tensions corresponding to the temperature observed by 
himself before concluding as to the correct elastic pressure of the at- 
mospheric vapor. 

As regards the amount of the preceding corrections no very definite 
data has yet been furnished by physicists. Begnault*s observations 
indicated that the effect of the admixture of gas may at ordinary tem- 
peratures amount to as much as 1"*", but Wiillner's studies reduce this 
to an inappreciable amount. 

The preceding considerations suggest that there must be a limit to 
the accuracy of those condensation methods that rely upon the forma- 
tion of fog. On the other hand the dew-point, as determined by the 
deposition of moisture in the shape of dew or frost upon a metallic 
surface, is affected by the hygroscopic quality of the surface, and only 
neutral surfaces, if such there be, or, failing this, the average between a 
repulsive and an attractive surface, should be used. The quantitative 
effect on observed dew-points of the nature and condition of the surfaces 
ordinarily employed has not yet to my knowledge been accurately in- 
vestigated, but much data bearing on this point has been collected by 
Tomlinson [see Phil. Mag., 1868 (4), XXXV, p, 241]. All these points 
therefore require further study in -order to increase the accuracy of 
meteorological data. 

The principal forms of condensation apparatus are the two following: 

(I) The nephelmcope. — Tliis instrument was invented by Espy, about 
1835, to show the formation of cloud by dynamic cooling, due to expan- 
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sion. With it be made a determiuation of the volametric expansions 
and corresponding dew-points. His method depended for its accuracy 
npon the detection of the first formation of mist in expanding air and 
the immediate measnre of temperature. It was not sufficiently accu- 
rate to require more than this passing notice, but as a convenient 
method of obtaining by one direct experiment a datum most interest- 
ing to meteorology, and as the first experimental determination of the 
law of cooling of ascending moist air, it must always have great historic 
interest. [Since writing this Sprung and R. Helmholtz have announced 
their success in attaining accurate results with a convenient instrument 
of this character, of whose construction I have as yet no further details.] 

(2) The dew-point apparattis, — In Dobereiner's and Eegnault's form of 
this apparatus a polished metallic vessel called a '' thimble," containing 
sulphuric ether, rhigolene, or other volatile liquid, is cooled by evap- 
oration of the liquid until a thin film of dew is seen to be deposited on 
the polished surface. The evaporation is then immediately checked 
slightly and the surface of the thimble allowed to warm slowly until 
the film of dew disappears; a thermometer gives the temperature at 
the moments of appearance and disappearance of the dew. The mean of 
these two readings is adopted as the temperature of the dew-point. 

In Daniel's form of this apparatus, as first used by him in England, 
the cooled bulb was of glass. This was subsequently gilded, as con- 
structed by Greiner, but the rate of cooling was not sufficiently great 
to give the dew-point in the drier climates of continental Europe; 
therefore Daniel's apparatus was modified as above by using a thimble 
of polished silver or gold, filled with ether, in which the thermometer is 
immersed and through which a current of air is forced so as to control 
the rate of evaporation and cooling. In Crova's form (Journal de Phy- 
sique, 1884) the cooling air has access to the inside of a polished silver 
tube, which is cooled by the ether by which it is surrounded; the deposit 
upon this tube is not aft'ected by the wind or the radiation of heat from 
external objects, and is very quickly perceived. 

In Belli's anil Bache's form (see Belli, Fisica, Vol. II, p. 522, and 
Bache, Obs. Girard College, Vol. I, Intro., p. 9) a horizontal metallic 
trough is kept full of mercury. t)ne end of this liquid bath is kept at a 
very low temperature ; the other is at the temperature of the air. At 
some intermediate point the temperature of the dew-point prevails, as 
is shown by the deposit of dew on the mercury and the trough; a ther- 
mometer bulb dipped in the mercury at this point gives the temperature 
of the dew-point. Bache found it necessary to shield the apparatus 
from strong winds that warmed the polished trough above the temper-, 
ature of the dew-point and evaporated the dew. 

As the Eegnault dew-point apparatus, especially with various modifi- 
cations introduced by the makers, is very widely used a general analy- 
sis of its action and errors is desirable. The air enters either by press- 
ure through ab or by suction through C (see Fig. 95), bringing heat 
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and moisture to the ether J7; it loses a part of these as it babbles ap 
from b and before it leaves the ether, add finally passes away through 
CC, carrying away whatever portion of the ether has been evaporated. 

The outward surface of the thimble 88j on which dew is deposited, 
radiates and absorbs heat; the very deposit of dew itself communicates 
some of the latent heat of vaporization of water, and heat is also com- 
municated io the ether by any condensation of vapor from the air that 
flows in through ab. A slight amount of heat is conducted downwards 
through the supports of the apparatus. The great consumption of heat 
in the evaporation of the ether ordinarily overpowers the inflow of heat, 
and the thermometer Tis cooled rapidly down to a very low temperature. 
Only in the very dryest climates and during fresh hot winds (and 
although fresh supplies of ether are poured in through the tube F) does 
this apparatus occasionally fail to give a deposit of dew, owing to the 
fact that the ether is used up before the necessary reduction of temper- 
ature has been accomplished; such failure, however, can perhaps be 
avoided by modifying the apparatus, as hereafter explained. The tem- 
perature of the ether is usually brought rapidly down to the dew-point 
in order to save time, but the apparatus must be capable of then main- 
taining this temperature constant for a minute while the formation and 
disappearance of the dew is being observed; therefore the condition 
under which the apparatus will work successfully is that the polished 
surface must maintain the temperature of the dew-point by means of 
the balance between the heat consumed by evaporation per unit of time 
and the heat gained in that time from all other sources. The commotion 
within the ether, produced by the bubbles of air, keeps the thermometer 
bulb at nearly the same temperature as that of the polished surface, 
but the bulb usually lags a little behind the surface temperature; there- 
fore the mean of the temperatures observed for appearance of dew with 
falling thermometer and disappearance of dew with rising thermometer 
should be taken as the true dew-point. 

The balance between the heat lost and gained involves a considera- 
tion of the following details : 

(a) W {ta—to)y or the heat brought in a unit of time by W grams 
of the air that flows in through a&, 'having a specific heat y^ and as- 
suming that it is cooled from its temperature t^ to the temperature U 
of the ether. If the air thus forced in is, as is often the case, the 
breath from the observer's lungs its high temperature and dew-point 
will greatly retard the time required to obtain the deposit of dew, be- 
side which the absorbed organic material from the lungs converts the 
ether into a viscous mass, such that evaporation takes place more 
slowly. The air thus employed to reduce the temperature of the ether 
should be as nearly as possible at the temperature of the required dew- 
point, and should have its own dew-point somewhat lower than that of 
the outside air, so that none of its own moisture need be condensed. 
This is nearly realized if, iilstead of forcing in the breath through Af 
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one applies suction to the tabe c, and thus draws in the ordinary free 
air through the tube ab, which may be coiled about in the space above 
the ether so as to cool the indrawn air before it bubbles up at the 
bottom of the thimble. 

(b) (ta—to)^ or the latent heat evolved within the ether by the con- 
densation of moisture brought in through the tube ab by air whose 
dew-point temperature is higher than that of the ether. If very dry air 
is used this term becomes zero, and if the ordinary air is drawn in it is 
so small as to be negligible, but if the warm moist breath is forced in 
it becomes appreciable. C is the average excess of moisture in a unit 
weight of air saturated at the temperature f« over that at 4 and A, is 
the latent heat of condensation. 

(c) The latent heat evolved by condensation of the dew on the exte- 
rior polished surface of the thimble; this is conducted inward, and the 
passing wind or the descending convection currents immediately commu- 
nicate to the dew sufficient heat to partially evaporate it, so that the 
observer will see only alternate momentary deposits or dulling and 
brightening of the surface of the thimble, if the experiment is prop- 
erly conducted. This small portion of heat diffused through the whole 
tumultuous mass can hardly affect the thermometer. If the internal 
current is increased and the ether brought still lower in temperature, 
and the dew allowed to accumulate on the surface, the thimble becomes 
equivalent to a wet-bulb thermometer and tends to rise to the temper- 
ature of evaporation. If, now, the velocity of the internal current is 
such as to continue lowering the temperature of the ether, and there- 
fore of the exterior dew, the latter absorbs the heat that comes to it by 
external radiation and by conduction from the air, but conducts it 
very slowly to the ether ; the gradient of temperature between the 
outer and inner surface of the dew deposit becomes large, the dew ac- 
cumulates rapidly in quantity and may easily become frozen. It is 
possible to so adjust the external wind and the internal current through 
AB that the whole shall be kept at any required temperature, and it is 
frequently easy to greatly lower the temperature below the dew-point, 
but this should be avoided. The successful use of this instrument de- 
pends on the maintenance of the balance between little dew and no dew. 
As a strong warm dry wind may furnish enough heat to greatly retard 
if not wholly prevent the deposit of dew, and will in any case con- 
tribute to cause the polished exterior surface to be warmer than the 
interior thermometer, it is therefore best to have the external current 
as well as the internal under the control of the observer. This is 
easily done by means of a thin glass tube (as at 00 EHj Fig. 95), bent 
at right angles and so mounted that its vertical part incloses the pol- 
ished thimble, while its mouth HH can be turned toward or away from 
the wind at pleasure; the wind entering the mouth flows up between 
the tube and the thimble, and has its velocity checked, while its tem- 
perature and moisture are not appreciably altered. It may be best 
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that the current from HE should be jast strong enongh to overcome 
the downflow of the heavier cooling air and push a slow upward cur- 
rent out at GO^ thus preventing any fumes of ether or moisture from 
the breath from affecting the thimble. 

Equally as important as the wind is the nature of the polished sur- 
face; if it bas a strong affinity for water it will tarnish before its tem- 
perature is lowered to the dew-point, and vice versa. The properties of 
various bodies in this respect are apparently not yet known very pre- 
cisely, but by common consent gold and silver surfaces have been 
adopted, so that if these are not neutral they at least introduce only an 
error common to all observers. The surface should be kept chemically 
clean, according to Tomliusou's methods, i. e., washed with sulphuric 
acid, a strong caustic solution, and then rinsed with water and alcohol. 
On the other hand the tarnished and roughened spots sometimes show 
deposits of dew sooner than the rest of the surface, which may be due 
both to the altered hygroscopic and absorbing properties and to the 
relative slowness of the currents produced by the greater friction. 

(d) 8V(t^'^to)K^. — The warm air, cooling as it flows past the thim- 
ble, gives up its heat by conduction in proportion to the reduction of its 

temperature -x>(f«—fo) to the quantity of air V8 (due to the velocity V 

and the area of the surface S)y the coefficient h of conductivity from the 
air to the metal, and to the relative capacity R of the air for heat. 

This term, as stated in i)revious sections, becomes very large for large 
surfaces or high velocities or large depressions of dew-point, and it 
should be kept as small as possible by diminishing the ratio of the sur- 
face to the volume of the thimble, and especially by diminishing the 
velocity F, as is done by the screen OOJIH. 

(e) S{ta^to)a. — ^The cold thimble, when in the open air, is entirely sur- 
rounded by objects whose surface temperatures may be either higher or 
lower, but to prevent the large correction due to radiation of sky, sun, 
hot ground, etc., the thimble should be so sheltered that the radiation 
comes from objects whose surface temperatures agree nearly with t^ or 
preferably to. If the coefficient of absorption of heat for the metal sur- 
face is a, and the total surface 8, the quantity of heat absorbed will be 
a8(ta—to). As ta is greater than to this quantity is brought to a mini- 
mum by using a highly polished surface whose coefficient a is small 
[the coefficient for polished silver is 0.03 for obscure heat and 0.08 for 
the solar rays]. It is not allowable to use a non-conducting substance for 
the thimble, otherwise the temperature of the surface and the thermom- 
eter will differ too much. But it has been considered proper (as in 
AUuard's and Dines' hygrometers) to reduce the metallic surface, by 
a non-conducting covering, in so fiir as this does not affect the deposit 
too much; apparently the thin glass tube proposed above as a means of 
regulating the effect of the wind may be made so poor a conductor that 
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the interchange of heat by radiation between its inner surface and the 
thimble will be considerably redaced and qaite under control. 

(/) (^«— ^o)M^~^' — The upper portion of the thimble and the ther- 
mometer stem contain heat that is conducted to the liquid. In well- 
made apparatus this is reduced to a minimum by making the thimble 
above the ether out of some non-conducting substance. If the upper 
mass be Mj its temperature f., its distance from the thermometer bulb 
d, and the coefficient of conductivity of the silver thimble ky and its 
section //, then the expression for the amount of heat conducted per 
unit of time will be approximately as above. 

(g) JSe. — The abstraction of latent heat by vaporization of the ether 
first reduces its temperature to toy and then the steady current of air 
keeps it at that temperature. Therefore in this condition the weight U 
of ether evaporated in a unit of time and multiplied by the latent heat 
of vaporization e represents the quantity of heat abstracted in order that 
the observer may maintain the condition just* favorable to the deposi- 
tion of the dew; but this quantity is the sum of the preceding six 
items, which leads us to the following equation for the case when ordi- 
nary air enters through a6, and in which we have omitted the third 
and the sixth terms as ordinarily negligible: 

E8=Wy{t,^to)+CX(K^to)+8V^K(t,-^to)'hSa(t,^to) 

{h) The quantity of air W forced through the ether in a unit of time 
produces evaporation by a diffusion whose rapidity is in proportion to 
the surface exposed, and therefore in proportion to the number an^ mi- 
nuteness of the small bubbles into which the air is broken up as it rises 
through the ether. The quantity that a unit weight of air will thus 
evaporate depends therefore on the number and size of the bubbles, 
the temperature, purity, and depth of the ether through which they 
rise. But the purity, depth, and temperature of the ether diminishes 
as the process approaches the dew-point, so that JE diminishes with the 
initial temiierature t^ of the air and with the relative temperature or 
(*«— ^i)' Approxima tely we ha ve 

I!=Wx[l+y{t^^fo)\ 

where W is the weight of the air per unit of time and x and y must be 
determined experimentally for the liquid and the apparatus. 

As the evaporation is most rapid at the point where the bubbles 
enter the liquid, namely, near the bottom, the ether is therefore coolest 
there, and the thermometer elevated some distance above should show 
a somewhat higher temperature. The amount of this difiference can 
easily be found by experiment in any special case. An ordinary unpro- 
tected Begnault dew-point thimble was examined with this point in 
view, at the Signal Office, in 18S6, by Mendenhall and Marvin, wha 
explored all parts of the surface with a thermo-electric junction, de- 
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termining thereby the lines of equal temperature, and finding a differ- 
ence of several hundredths of a degree centigrade between the top and 
bottom of the liquid. 

It is therefore important to decide as to what portion of the surface 
shall be chosen to watch for the appearance and disappearance of the 
dew. Evidently this should be the spot whose temperature is nearest 
to that of the thermometer, and the current of outside air should there* 
fore be directed, not as now, downwanl against the central portion, 
but upward, against the lowest and coldest portion, thus tending to 
make that the warmer and equalizing the temperature of the whole 
thimble. The difference of temperature between the thermometer bulb 
and the dew-spot, if appreciable, must be determined empirically for 
the given instrument and conditions. 

The observer will not fail, of course, to apply to the dew-point ther- 
mometer reading the various corrections already indicated in the chap- 
ter on thermometers, and among whicli those for sluggishness and 
temperature of protruding stem, and the Poggendorff' corrections are 
likely to be appreciable. 

146. EVAPORATIOX MBTHODS-THE TEMPERATURE OF EVAPORATIO^T. 

The evaporation of the free surface of water in the open air must in 
some way be an indication of the dryness of the air or the readiness 
with which it absorb?* moisture. From this point of view both Baume, 
Saussure, Button, and Leslie had employed a wet-bulb thermometer, 
whose temperature, lowered by the evaporation of the water, gave them 
a rough indication of the dryness of the air. 

About 1825 E. F. August thought of utilizing Daniel's dew-point appa- 
ratus to measure the temperature of evaporation instead of that of the 
dew-point. He therefore covered one of the two thermometers with wet 
muslin, hung it beside the dry bulb, and observed that there was a simple 
relation between the depression of the wet bulb and that of the dew-point 
below the temperature of the air, the latter depression being twice the 
former. This constituted his psychrometer and his first method. The 
factor 2 he subsequently found to be a variable quantity. In 1822 Ivory 
and in 1825 August publ ished a rational theory as to the mode of action of 
the psychrometer, very much as subsequently adopted and slightly im- 
proved upon by Regnault. Belli, in 1830, adopted an improved arrange- 
ment of apparatus for regulating the radiation and the convection of beat. 
Apjohn, in 1834, adopted an approximate formula similar to August's, 
and gave tables for the reduction of the observation. On account of 
the difficulty of obtaining uniformity in observations of the dew-point 
apparatus, and especially because of their labor and expense, much 
thought and care has been given during the past fifty years to the study 
of the proper methods of using the psychrometer and of computing the 
moisture in the air. The results now obtainable by the proper use of 
this instrument are to be considered as reliable as our knowledge of 
vapor tensions and other data will permit. The principal studies upon 
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this subject are enamerated in the appended note, and the followiug is 
brief synopsis of past progress and present views on this important 
apparatus. 

(1) Ivory (Phil. Mag, 1822, LX, p. 81) gave a theoretical formula for 
computing the vapor tension essentially the same as that of August, 
but in the absence of the necessary tables his results did not come to 
be accepted so widely as the more practical work of the latter. 

(2) August (Pogg. Ann., 1825 and 1828) considered especially the con- 
vection of heat from the wet bulb by the flow of air past it; he as- 
sumed that a steady flow of partly saturated air, whose temperature 
is t and whose dew-point is foi touched the bulb and immediately left it 
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fally satarated dae to evaporation at the temperature ti of the wet 
bulb; theuce he deduced the formula 

, 0.5GS(t-ti)b 

or approximately 

j?=/,-0.000885(<--fi)t 

where x is the vapor tensiou of the free air corresponding to the dew- 
point tojfi is the vapor tension, according to August's tables, for the 
temperature ti] b is the observed barometric pressure in millimeters. 

The constant coefficient was computed by August from the above 
theory and is adapted to the Reaumur scale; for the centigrade scale it 
would be 0.000708. In his subsequent tables of 1848 August adopted 
a constant that agreed more nearly with his comparative observations^ 
namely, for a bulb covered with water 0.000952 for the Reaumur and 
0.000762 for the centigrade scale ; for a bulb covered with ice his figures 
were seven eighths of these, namely, 0.000833 and 0.0006()8, respectively. 

(3) Apjohn, in 1834, seems to have adopted the idea that the heat 
required for evaporation is given to the water by the surrounding air, 
which, having itself cooled, then cools the bulb. He was led to a formula 
of the same style as Ivory's and August's, namely, 

where the pressure is in English inches and the temperature by Fahren- 
heit scale. The constant coefficient A is vn Xoo for water and 3«jXgg 

for ice. 

(4) Belli, about 1830, sought to cut off all noxious radiation and to 
control the convection by surrounding the wet bulb by a wetted cylinder, 
through which the air is drawn in regular current; his formula for the 
computation of x had, however, the same essential form as August's and 
the same underlying theoretical basis. He simply provided for the con- 
trol of the two important sources of error by constructing an apparatus 
to which August's theory, as well as his own, was strictly applicable. 
In fact the errors of modern hygrometry consist essentially in applying 
Begnanlf s tables to cases for which they are confessedly not strictly 
adapted. Arago, 1830, and Bravais, 1836, Espy, about 1840, probably 
at Henry's suggestion, and Dr. B. F. Craig, surgeon, U. S. Army, about 
1867, adopted a uniform rapid ventilation by whirling the wet bulb as 
Saussure had done in 1786. 

(5) Eegnault also, about 1845, adopted August's view that the equilib- 
rium established by convection alone is of prime importance; he intro* 
duced the best numerical results as to fundamental data, such as the 



REPORT OF THE CHIEF SIGNAL OFFICER. 367 

heat of vaporizatiou, density of vapor, etc., and recomputed August's 
formula, putting it finally in the following shape : 

For bulbs covered with water: 

_ i)A29{ t^ti)b 
^"•^ "" GlO-f, 

For bulbs covered with ice: 



_ 0.420(f-fi)/> 



where the denominators express the fact that the latent heat of vapori- 
zation from ice is greater than that from water. Regnault determined 
in /I general way the effect of calms, light and strong winds, and of the 
error of the crude hypothesis that the air is saturated at the tempera- 
tare t' before leaving the bulb. He finally adopts 0.480 instead of 0.429 
as representing his observations in the still air of a room, whence his 
formula can with sufficient approximation be written 

For bulb covered with water : 

ir=/— 0.000800(<— f,)A 

Eor bulb covered with ice : 

ar=/— 0.000706(e- /, )/* 

These latter formulse have been the basis of most meteorological re- 
ductions since 1848, but as Regnault recognized that they do not take 
full account of radiation, relative humidity, or velocity of the wind, and 
as he despaired of ever being able to do so, he, in his last memoir 
(1871), recommended his sulphuric acid thermometer as a better method. 

(6) Glaisher by collating a vast number of observations was led to 
think that the formula and constants for the water*covered bulb apply 
also to the ice-covered, and that the formula for high pressure is appli- 
cable to the low pressures experienced in balloons and on mountains. 
But these conclusions can only be adopted as a rough approximation to 
the physical facta. 

In a similar manner by collating simultaneous observations of dew- 
point and wet bulb he determined a series of factors by which the de- 
pression of the dew-point may be directly computed from the depres- 
sion of the wet bulb (although with no great degree of accuracy) by the 
formula 

{t-^to)=0{t^ti) 
very much as Leslie and August had also done in the early history of 
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the psycbrometer. Glaisber's factor varies witb the temperaiare, aa 
is shown in the following table: 



1 

; Temperature 
of air. 


Glaisber's 
1 factor. 


1 

t 
10 


Cw 

8.78 


'20 


8.U 


30 


4.15 


40 


2.29 


50 


2.06 


60 


t.88 


70 


1.77 


80 


1.68 


90 


1.63 


100 


L67 



(7) Kdmtz. — The difficalty of obtaining consistent resalts with the 
wet bulb increases remarkably at temperatures below freezing; this is 
undoubtedly aggravated by the fact that the wet covering is not pure 
water, but a wetted muslin. This cohering, or any device like a rough* 
ened or dimpled surface, must alter at once the conducting power of the 
layer between the mercury and the air, and must affect the sluggish- 
ness of the thermometer as well as the radiation and absorption of its 
surface. The effect of muslin as such relatively to that of the water 
increases slowly as the temperature lowers, since the lower the temper- 
ature so much less the evaporation and heat that is involved. Kamtz 
proposed to diminish the discrepancies between the results of observa- 
tions with psychrometers and dew-point apparatus by subtracting 0.5^ 
C. from the wet-bulb thermometer for all readings below freezing. 

(8) Wiillner, as quoted by Sworykin, shows that a priori it is not evi- 
dent that the change from water to ice should change the coefficient 
so greatly as is done in Hegnault's formulsB for these two conditions, 

inasmuch as the coefficient A is essentially equal to -y, which represents 

the quantity of heat (E) communicated in a unit of time to a unit 
mass of wind divided by the prodnct of the quantity of water c 
evaporated in a unit of time and the latent heat A of the vapor, where 
both E and c probably change with the change from water to ice, and, 
as they both vary with the velocity of the wind, this may explain the 
observed dependence of A upon the wind. 

(9) Stefan, theoretically and experimentally, developed the laws of 
diffusion and convection of vapor in the process of evaporation, and 
subsequently applied them to the theory of the pyschrometer with 
spherical bulbs. 

(10) Maxwell, in 1880, gave independently a similar mathematical 
analysis of the action of radiation, convection, and conduction^ with 
a brief reference to numerical data. 



REPORT OF THE CHIEF SIGNAL OFFICER. 369 

(11) Ghistoni, about 1878, in view of the uncertainties attending 
Begnault's determination of the constant A even for moderate veloci- 
ties, attempted its determination for a defiuitelow velocity. This gave 
him 0.00800 for a velocity of about 2 meters per second, and its great 
variability for small changes in the low velocities that he used became 
apparent, as had indeed been before shown by Begnault from his ob- 
servations. 

(12) Doy6re, Angot, and Sworykin experimentally showed the value 
and amount of the variation in the constant A for various pressures 
and for the higher velocities given by the sling psychrometer ; Swory- 
kin gave the fullest accurate measures of the relation between A and 
the velocity of ventilation, showing that the ventilation must be known 
and allowed for numerically unless it be controlled to a standard uni- 
formity, as in Belli's apparatus. 

(13) Pernter, 1882, adopted Kamtz's correction to the wet-bulb tem- 
perature, explaining it as a sort of sluggishness, but making it propor- 
tional to {t^i{) so that for (^— ^i) he substituted 

05 



[«-«+7C^+l] 



in Reguault's formula. He also experimentally showed the effect of 
pressure, and by combining the determinations of Ohistoni, Stefan, 
and Angot he concluded A =0.000843 for the constant coefficient at 
normal pressure and average ventilation. His final formula for centi- 
grade thermometer and millimeter barometer was 

.=/,-0.00063o[((-M+^^^] [l+f ]6 

(14) Ferrel has, in his Becent Advances, given a very complete analy- 
sis of the physical questions involved in the pyschrometer, and in his 
Report on Psychrometric Tables for the Whirled Psychrometer (Annual 
Report Chief Signal Officer, 1886, p. 233) he has embodied his more re- 
fined theory in tables based on extensive special observations and that 
apparently render the psychrometer as accurate an instrument as our 
knowledge of the tension of aqueous vapor and the accuracy of our 
thermometers renders possible. Ferrel's analysis of the action of the 
wet bulb, as elaborated in these two works, is here presented with the 
fullness that its importance demands. When the wet bulb is cooling 
to the temperature of equilibrium it is giving its own heat by conduc- 
tion to the evaporating water. The last step in this process, when but a 
few tenths of a degree remain to be annulled, takes place quite slowly, 
because of the thickness of the film of muslin and water ; but eventu- 
ally a stationary condition is reached such that the heat consumed in 
vaporization no longer comes from the bulb, but is almost entirely 
that given by conduction from the adjacent air and by radiation from 
BIG 87, PT 2-, 24 
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the surrounding inclosure. The departing wind carries away a lower 
temperature than that of the arriving wind, bnt slightly more heat, the 
latter being now latent in the vapor that it takes away. The qnantity 
of heat required is determined by the amount of evaporation that is 
possible, and the latter is determined by the amount of diffusion that is 
possible, and by the rate of convection due to the ventilation. Ferrel 
therefore adopts Stefan's formula for evaporation by diffusion in still 
air, and Sworykin's observations on the action of the wind. 
Let X=the latent heat of evaporation of water at the temperature 
01 of the wet bulb. 
Then, according to Begnault, 

For water: 

i=6O6.5-O.6950, 

For ice : 

i=685.75-0.6956'i 

Let p=the density of dry air at the standard pressure and tempera- 
ture. According to Hegnault 1 cubic centimeter of dry 
air weighs 0.00129276 grams at 45^ latitude and sea level. 
(Tsthe density of vapor relative to the air=0.623. 
Q=the volume of aqueous vapor diffused through the still air in 
a unit of time at the temperature Bi from the unit of sur- 
face; [Q] 'Will be the total volume for the whole surface. 
J7=the quantity of heat conducted to a unit of surface of the 
wet-bulb thermometer in a unit of time by the adjacent 
air; [H] is the total quantity for the whole surface. 
^=quantity of heat absorbed by a unit of surface at the wet 
bulb in a unit of time from the external radiation; [h] is 
the same quantity for the whole surface. 
The slight amount of heat conducted down the glass stem to the wet 
bulb and that conducted and conveyed to it by the wet wicklng are 
neglected by Ferrel, although they apparently may become appreciable 
in very dry air for large values of d—di. This may, however, be con- 
sidered as merged in H, The following formula for still air expresses 
the fact that the receipt of heat equals the loss, which is the physical 
condition of equilibrium in the temperature of the wet bulb where the 
values of [JT], [A], and [Q] are to be given by the laws of conduction, 
radiation, and diffusion : 

Lp(y[Q\^[H]+[h\ (1) 

These quantities can be expressed iu terms of the temperature by the 
following considerations : 

(a) Conduction. — Let a=the area of the outer surface of the wet cov- 
ering of the bulb; 0z=the temperature; r=adistance measured &om the 
center of the bulb; ro=the value of r at the limit reached by the par- 
ticles of diffusing vapor; ri=the distance of the surface of the wet bulb 



BEPORT OF THE CHIEF SIGNAL OFFICER. 371 

from the center of tbe balb; ^i=:the temperature of the air around the 
wet bulb at the distance ri; 6^0= the temperature of the air around the 
wet bulb at the distance ro, where the temperature is that of the ex- 
ternal dry airj A:=the coefficient of conductivity for heat, for a unit 
area and a unit gradient=0.000055 calories per square centimeter. 
The laws of conduction give the general law 

dr 

but for spherical bulbs a=4;rr,2. Substituting this and integrating for 
the whole surface we have 

[H]=ink/^'-l,0,-e^) (2) 

for shperical bulbs. For cylindrical bulbs, neglecting the ends of the 
cylinders, let Z=the length of the bulb and we have a=27rril. Substi- 
Kiting this and integrating we have 

[£r]=2;rfci(6^o-«i)xmodxlogj!^ (2') 

(b) Badiaiion. — Let 6=radiating power of the wet bulb, so far as re- 
lates to surrounding objects; £=radiating power of a unit of surface 
of lamp-black=1.146 calories per square centimeter per minute, approx- 
imately; yu=1.0077, the constant determined by Dulong and Petit. 

Assuming that the bulb is wholly inclosed by objects whose tempera- 
ture is 00 9 as in Belli's psychrometer, we have 

If the bulb is not contained in such an inclosure, or an equivalent fog, 
or under a cloudy sky, the value of 6q is subject to an unknown amount 
of variation, and it is best that the radiation should be regulated by 
iuclosiug the psychrometer in some form of shelter. 

For a spherical bulb and for a cylindrical one the values of a are as 
before given; therefore the integration for the whole bulb is simply the 
product huj which gives 

For spherical bulbs : 

[h\=^7rri^BexO.OOn{eo-ei)jJ^i (3) 

For cylindrical bulbs : 

[h]=:27rrilB€xO.OOn{8o-Oi)pi9i (3') 

({?) Diffusion. — Let i>=Stefau^s coefficient of diffusion for aqueous 
vapor in still air=0.18 grams per minute per square centimeter for or- 
dinary temperatures and varying slightly, but to an unknown extent, 
with temperature; P= barometric pressure of the air; j}i=elastic force 
of vapor for temperature ffi . 



[Q\^4nD-T^r^-X?^ (4) 
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Acoordiiig to Stefan's researches the law of diffosion is expressed by 

p^^^^Jog^P-pO 

dr 

Sabstitate the valae of a, as before given in this valne of Q,and integrate 
for the whole bnlb, and we have 
For spherioal: 

5i5o_ ^Pi—Po 

For cylindrical : 

[<?]=2;rZl>?i:=??Xmodxlog^ (4') 

Jr r» 

{d) Summary. — Sabstitate in the original eqaation (1) the values given 
« by equations (2), (3), and (4) and we get 

where 

/8=8pecific heat of air=0.2375 calories per liter 

~'pti~ 0.2375x0.(10129276 ~ * ♦••••('; 
For spherical bulbs : 

"" — jsir n ••.••• (»> 

For cylindrical bulbs : 

0.0077-B^ r, j ^ .... /m 

where ilfss modulus =0.434294. 

(0) The quantities i>, S', and £i probably vary with the temperature, 
but, neglecting these variations as quantities at present unknown and 
apparently of small amount, we may substitute the approximate constant 
values that obtain for ordinary pressures and temperatures, and ttins 
put the previous formula in numerical shape. Neglecting the term 
0.6956^1 in the value of L we have the following : 

For spherical bulbs covered with water in the still air: 

c=2.666 tii!:^^!i) (10) 

A=0.00O630[l+c(l+0.0077Si)] (U) 

lio=l>i-i4(6'o-ft)P . . / (12) 
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For cyliudrical bulbs covered with water in the still air : 

e=0.612r, log ^^ (13) 

A aDd po a^ before. 

For bulbs of either shape covered with ice iu the still air: 

4=0.000557[l+c(l+0.0077»,)] (14) 

€ and Po as before. 

These formulse give no support to the idea that the coefficient of A is 
the same for water and ice. On the contrary, they show that this should 
not be so iu ])erfectly still air; but still air in this sense can rarely exist, 
and the slightest current suffices to render the preceding formula more 
or less inapplicable. It is therefore necessary to allow for the effect of 
convection. 

(/) Infliience of ventilation. — ^The outside surface of the water on the 
wet bulb is that designated by a in paragraph (a) as being that at which 
conduction, absorption, radiation, and diffusion all take place in the 
still air; but if a current prevails (even the light convection current of 
cooler air falling from the wet bulb when a calm prevails in the sur- 
rounding air as a whole) then this ceases to become the bounding sur- 
face. In the preceding analysis ro— n is the depth of the stratum of air 
and water within which conduction of heat and diffusion of vapor are 
simultaneously taking place ; if we assume that this depth varies in- 
versely as the velocity of the wind, which is likely to be a first approx- 
imation, we may then put 

''-'^=2m-v (1^) 

where Ko is an unknown constant and V the velocity of ventilation. 

The introduction of the constant 2.66e into the denominator merely 
alters the constant Ko , and is done here since it leads to subsequent 
simplification in the formula. If we substitute ro firom this equation 
in the expression for o in equations (10) and (11) we get 

For spherical bulbs : 



r, Kq^ 2.66eriKo .^z^. 



To ' V 2.66€riV+Ko ' 



For cylindrical bulbs : 



c=0.612nlog^;=G.6l2nlog^-|^^ . . . (17) 

The value of Kq must be determined by comparative observations be- 
tween standard absolute hygrometers and wet bulbs of various sizes 
and shapes. Such observations are furnished especially by the work of 
Sworykin. If the adopted expression (15) for ro— ri is allowable, and the 
resulting expression for c is approximately correct, then a single deter- 
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minatioD of c by Sworykin for a given valae of the ventilation velocity 
and any special thermometer shoald determine the valae of JTo for that 
thermometer whose correctness can then be tested for other valnes of 
the velocity. Thus, from Sworykin's observations, Ferrel finds that 
2ro=:0.25 for a large spherical bulb whose ri=0.5 centimeter, and again 
2ro=0.11 for a small cylindrical bnlb whose ri=0.2 and /=0.8 centime- 
ter. 

With these values of Ko Ferrel computes the values of c and of A by 
formal® 16, 17, 11, and 13 for these two bulbs and various velocities, 
and shows that they agree closely with all Sworykin's determinations, 
as is illastrated in the following table: 



Velocity of Tonti* 


Spherical bolb. 
r,=5— 


Cyliadrioal Iralb. 
r,=2— 1=8— 


lation. 


A 

olwerTed. 


A 

computed. 


A 

obaenred. 


A 
computed. 


Meten per §eeond. 

ao 

0.2 
1.0 
2.0 
6.0 
loflnito. 


0.001658 
.001064 
.000780 
0.000711 
0.000638 
0.000630 




...... ...... 


Inflnite. 


0. ooiiao 

0.000774 
a 000712 
0.000656 


0.000834 
0.000700 ^ 
0.000670 
0.0i0640 


0.000S93 
0.000680 

o.oooon 

0.000643 
0.000630 










• 



The large differences of the Kq and A for these two bulbs show that 
these constants must be determined for each instrument, or at least for 
topical samples of the styles used in any meteorological bureau. 

In this computation of JTo, and therefore in the ordinary useof theabove 
formuIaB, Ferrel employs a constant value of the factor (l+0.00776^i), ^^ 
computed for a mean value of ^i, thus throwing a small but probably 
inappreciable residual term depending on Oi into the value of Kq. 

Ferrel follows Pernter in showing that the reason why the convection 
theory of August and Eegnault and the present more elaborate analysis 
have led to the same form of formula is the accidental fact that E^ and /> 
have the same value, i. e., 0.18. If K' had been equal to 0.77 D, as sup- 
posed by Maxwell, the coefficient 0.000630 would have become 0.000482, 
which, according to Sworykin's observations, is smaller Ihan is consist- 
ent with any, even an infinite, amount of ventilation. 

For velocities of 3 meters per second or 10 feet per second and over, 
the variations in A become so small as to have an inappreciable effect 
on the resulting value of the vapor tension p. This velocity is easily 
secured by whirling the wet bulb, as in the sling psychrometer, and 
FerrePs tables, as adopted by the Signal Service, January 1, 1886, are 
adapted to psychrometers whirled with this velocity within a light 
shelter. 1?he coefficients are so chosen as to satisfy the dew-point ob- 
servations made by Professor Marvin on Pike's Peak, and by Professors 
Hazen and Marvin at lower altitudes over a wide range of temperature. 
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(g) Concliision. — The resultiug formula is 
For metric measures : 

2>=j), -0.000660P( I?- <9i) X (1 + 0.001 16^i) 

For English measures: • 

l>=j?i-0.0003G7P(r-ri)x(l+0.00064ri) 

which is applicable to all velocities over 3 meters per second, and very 
approximately to all shapes and sizes of bulbs, and to both water and 
freshly formed ice, provided that in this latter case the velocity of 5 
meters or more is attained. 

For convenience of tabulation these formulae may be transformed, as 
recommended by K^mtz, into the approximate expressions 

For metric measures: 

^=jpt-0.000660P(^-<9i)x[l+0.00115(^-^,)J 
For English measures: 

2}=^i-0.000367P(r-ri)xfl+0.00065(r-ri)] 

which may differ from the preceding by 0.05*"", but in the present work 
on the average differed dL 0.016. This approximate formula represents 
all the 791 comparative dew-point observations of Hazen and Marvin 
with a probable error of ±0.084"™, the range of the discordances being 
firom —0.49 to +0.44. Any error in the dew-point apparatus has not 
been considered, as two different instruments were used by the observ- 
ers. Special investigations showed that the whirling should be con- 
tinuous for one minute at the rate of 8 meters per second, or for two 
minutes at the rate of 3 meters per second in order to attain the true 
temperature of evaporation, and should not be continued much longer 
because of the drying of the jnnslin and the consequent rise in tem- 
perature. 

In the use of the psychrometer attention must finally be called to the 
importance of attending to the corrections elucidated in chapter III, 
for the case in which the temperature of the bulb differs greatly from 
that of the stem, and to the Poggendorff and other corrections. These 
corrections are usually neglected, but as the adopted table of vapor 
tensions implies the use of the air thermometer, therefore the mercurials 
used in psychrometers and dew-point apparatus should be reduced to 
that standard. 

147. EVAPOBATION METHODS-THE BATE OF ETAFORATION. 

Instead of measuring the temperature of the surface of evaporating 
water, as in the psychrometer, it is appropriate to measure the rate of 
the resulting evaporation, as in the evaporimeter. This measurement 
is usually considered as a means of ascertaining for engineering pur- 
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poses the quantity of water lost by the earth or by reservoirs, etc., and 
as giving the meteorologists a crade approximation to the quantity of 
water daily thrown into the atmosphere. But the rate and the temper- 
ature of evaporation are equally dependent on the dryness of the air 
and the velc^ity of the wind, and are therefore equally available as 
means of determining the hygrometric condition. Owing to the small 
mass involved in the temperature observations by the wet-bulb ther- 
mometer that instrument is adapted to give the momentary condition 
of the atmosphere. On the other hand, the large masse^i required in 
the measutiug operations of the evaporimeter renders this instrument 
Important to the meteorologists as a means of ascertaining the average 
hygrometric condition of the air during a long interval. From this 
point of view, therefore, this I>ecomes an integrating hygrometer, and 
demands a more minute theoretical investigation than has as yet been 
given to it. 

At present we can only indicate the basis of this investigation. The 
most accurate observations available are those made in 1876 to 1882 by 
Desmond Fitz Gerald, civil engineer, engineer in charge of the Chest- 
nut Hill Reservoir, near Boston, Mass. (see Transactions Amer. Soc. C. 
E., 1886, Vol. XIV). Fitz-Gerald's observations combined with Stefan's 
work on diffusion should give a first approximate formula for the util- 
ization of the evaporimeter as an integrating hygrometer. Of its use 
as an evaporimeter only, the works of Dalton, Lament, Weilenmann, 
Stelling, and others will be discussed in a future volume. 

Fitz- Gerald's measurements of the evaporation of water in pans 14.85 
inches in diameter, in which 1 ounce of water is represented by a 
depth of 0.01 inch, gave him the value of E or the depth of water in 
inches evaporated in one hour. These measures were made at the ordi- 
nary atmospheric pressures, and do not show any appreciable effect due 
to the ordinary range of the barometer at Boston. They are represented 
quite closely by an empirical formula siu|ilar to those deduced by other 
investigators, namely, 

JP=[0.014( F-t;)+0.0012( F-t?)«] [1+0.67 W*J 
for which Fitz-Gerald uses the approximate expression 

i^=0.0106( F- V) (1+ J W) 

in which 

F=: vapor tension in inches of mercury corresponding to the temper- 
ature of the water. 
t7s= vapor tension corresponding to the dew-point in the free air. 
W=velocity of the wind in miles per hour measured by the Boblnson 
anemometer at the level of the water surface. Fit^-Gerald 
finds that the velocity recorded by an anemometer 30.5 feet 
above the water is three times that prevailing at the surface. 
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Comparative observations made in the suDsbiue and the shade are 
equally well represented by the above formula. The evaporation from 
snow and ice was also measured with minuteness and found to be well 
represented by this formula. 

If, then, the temperature of the water is observed so that F, £j and 
T^'' are known, then the Fitz-Gerald formula gives the average vapor 
tension in the free air during the time in which the evaporation was 
efiFected ; for which purpose it may be written 



This use of the evaporimeter, therefore, is additional to its ordinary use 
for engineering purposes, but implies that, the temperature of the watei* 
and the velocity of the air at its surface be observed. 

14». DIFFISION METHODS. 

Under this general term I include two apparently dissimilar pieces 
of apparatus. 

(a) Dufour^s hygrometer, — The rate at which vapor diffuses through a 
porous diaphragm depends on the difference of the elastic pressure of 
the vapor on either side of the diaphragm. The laws of this form of 
diffusion known as eudosmose and exosmose have been studied by 
Dufour,* Bensch, Merget, and Kundt, and may be applied to the con- 
struction of a form of hygrometer. 

Let there be a porous vessel provided with a manometer, so that the 
changes of the elastic force within may be easily measured ; when the 
vapor tension of the outside air is less than that of the inside vapor the 
outer air passes through the porous vessel and the manometer shows 
a higher pressure withiu and vice versa when the internal air is moister. 
These variations in the manometer are temporary, and eventually an 
equilibrium is attained in accord with Graham's laws of diffusion. If the 
inner air is kept saturated by water in the vessel at a known tempera- 
ture, shown by the thermometer, then the internal vapor tension is 
always known, and the external tension becomes known by converting 
into hygrometric values the manometer readings taken soon after ex- 
posing the porous cylinder to the air. 

[Note. — ^Auj^uat, 1888. Since writing the above I find that SchidlowBki (Wied., 
Beiblatter, 1887) has used a modification of thisform^ consisting of a metallic vessel, 
whose open end is covered with a porons plate. If the vessel contains water the 
diffusion causes the pressure within to rise. If, on the other hand, the vessel contains 
sulphuric acid as an absorbent the diffusion causes the pressure within to fall. The 
graduation of the scale of relative humidity is empirical. J 

Undoubtedly a similar diffusion into animal and vegetable cells 
through their thin walls is the basis of the hygrometric action that is 
utilized in the hair hygrometer of Sanssure. 

" * Bibl. IT^iv. Kev-rSci., 1874, XLIX ; 1875, LUI. 
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(6) 8au88ure^8 hair hygrometer. — The earliest forms of hygroscopes de- 
pended on the effect of atmospheric moistare in expanding animal and 
vegetable sabstances. The hair hygrometer of Saussnre is foan<l to be 
the most uniform in its indications. The most approved form of con- 
struction is that known as the Ooldschmid-Eoppe hygrometer (see Fig. 
96). In this a delicate single hair about 10 inches long extends verti- 
cally from the summit to the base of a light brass frame; at the base 
the free end is wound around an axis, which carries a light and well- 
balanced index, and then continuing below is held taut by the action of 
a light spiral spring, whose tension is about equal to the weight of one- 
half gram, and can be lessened at will. The upper end of the bar is 
fastened to an adjusting screw, by moving which the index can be set 
at 100 per cent, on the arbitrary scale whenever the air within the case 
is known to be thoroughly saturated. This adjustment to 100 is made 
at any moment by slipping a sheet of wet cloth within the box contain- 
ing the apparatus, thus.causing the air to be quickly saturated. The 
perfection to which this form of hygrometer has attained depends 
largely on the convenience of this test and on the introduction of the 
tension spring below, but especially in preparing the hair itself. Human 
hair is chosen, well cleaned of all fatty substances and having a broking 
strength of 100 grams and an elastic stretch of 33 per cent. The lower 
axis, about which this is wound, and by which it turns the index, has a 
diameter of 4 millimeters. The arc which the index describes is about 
1 quadrant, divided into a scale of 100 parts, of which the zero point is 
at the left hand and the 100 per cent, on the right hand, the right-hand 
divisions being much compressed, as compared with the left hand and 
as concerns the size of the degree mark. The average expansion in the 
length of the hair for a change of 1 per cent, is 0.03 millimeter, whence it 
may be inferred that a very large per cent, of change in the dryness of 
the air will not cause the hair to materially change its hygroscopic pe- 
culiarities, although the zero point of the scale may change. Observa- 
tions show that for the same hair the same scale is correct whenever the 
point of saturation js adjusted anew after any derangement. 

The fact that the hair has become unserviceable is known whenever 
its hygroscopic peculiarities become so changed (as, for instance, by 
undue stretching or by boiling in too strong alkaline solution) th^t 
it ceases to lengthen or may even shorten in very moist air. As a dry 
hair loses its strength the mistake is often made of applying heavier 
weights; instead of this it is best to apply no weight exceeding a half- 
gram. The scale is to be empirically graduated by comparing at a few 
points with standard instruments. From such comparisons made by 
Koppe in 1877 he concluded an error of 1 per cent., but from other com- 
parisons a probable error of 2 per cent, has been found for the best hair 
hygrometers. For low temperatures this apparatus is apparently sub- 
ject to much larger errors, but these may in part be due to the staudard 
instruments themselves. 
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CHAPTER XX. 

THE MEASUREMENT 6F BAtN AND SNOW. 

149. THB PBOBLKM. 

The aqaeoas vapor in the atmoaphere, after being condensed into 
cload, falls to the earth in the ibrms of rain^ hail, and snow. The meas- 
urement of such precipitation constitatea a class of observations in 
meteorology which has most extensive practical applications. 

The precipitation of aqneons vapor is nsaally held to inclade all its 
visible forms, as the cload, fog, dew, and haze, bat rain, hail, and snow 
are the most important, and will alone be considered in this section. ' 

The natnral anit of measarement would be by volumes, but jast as 
the barometric height has been adopted instead of pound's weight for 
expressing the pressure of the air, so the depth of the fallen water 
when spread uniformly over the horizontal projection of the surfiskce on 
which it fell has been adopted as the eonventional unit by which to 
measure precipitation; this horizontal projection of the surface corre. 
spends to the legal method of measuring the area of land. The object 
of the rain-gauge is to collect the rain falling upon a given small hori- 
zontal area, and by its measurement to determine the height of rain-fall 
over that area. 

ISO. ORBINART APPARATUS. 

The observation is of the simplest character when the instrument is 
a receiver with horizontal bottom and vertical .sides. 

Inasmuch, however, as for light rains the measurement of the height 
of the water is subject to a relatively large error, it has been customary 
to measnre the '* catch" in a gauge of smaller sectional area than the re- 
ceiving surface. By this means the measured height is magnified and 
the real height is obtained with greater precision. 

(a) The gauge — Forms, — Innamerable forms of receivers and measur- 
ing apparatus have been used. The receivers have been funnels, cylin- 
ders, or boxes, with or without beveled rims ; their size has been a few 
square inches or square feet in area; their material has been sheet 
metal, porcelain, wood, or glass; their color has been light or dark, 
painted or unpainted. 

Methods of measurement — The height has been obtained by an im- 
mersed stick; the volume has been obtained by x>ouring the water into 
a graduated glass tube; the height has been computed from the vol- 
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ume ; the water has been weighed by a balance and the height computed 
therefrom. The first method is the simplest and can be made sufficiently 
accarate. 

The accompanying diagram (Fig. 97) shows the Signal Service stand- 
ard rain-gauge. The diameter of the receiver is 8 inches, and the height 
of the instrument is 2 feet. The rim of the receiver is made of brass, 
beveled to a sharp edge and accurately circular. This brass rim is 
soldered to a galvanized iron funnel. 

The collecting tube is made of seamless brass tubing No. 16 of 2.53 
inches inside diameter and 20 inches deep. With these dimensions the 
area of the measuring tube is to the nearest hundredth of an inch, one- 
tenth of the area of the receiving surface. 

The measuring stick is of well-seasoned cedar i inch wide -3^^ inch 
thick and carefully graduated. 

Each instrument is tested to determine the outstanding errors in the 
accuracy of the measuring tube and its ratio to the receiving surface^ 
and corrections are furnished for any errors greater than one-half of 1 
per cent, of the measured rain-fall. 

The size and quality of the measuring stick is such that the possible 
errors incident to its use need no special consideration. 

Although the sectional area of the stick is small, yet the small 
displacement of the water in the tube is allowed for in the ratio of the 
receiving surface to the measuring tube. The graduations of the scale 
are made with all the accuracy needed for rain-fall measurement. The 
cedar wood out of which the sticks are made has a small capillarity^ 
and gives a clear sharp line of wetting, whose position on the scale can 
be read off with all requisite accuracy. 

The Signal Service rain-gauge needs therefore no purely instrumental 
corrections additional to those furnished by its correction card in order 
to measure the catch to an accuracy of 1 per cent., and this should be 
true of any other form of rain-gauge. 

But more important than those of the instrument itself are the errors 
arising from its exposure, which are large and difficult of determination. 

(b) The exposure. — Oauges .have been exposed in all locations ; on 
roo£9, poles, towers, on the surface of the ground, and buried to the 
rim of the gauge. All these and numerous other modifications have 
given rise to a large literature on the whole subject, the details of which 
have mostly but little value to future observers, but are of vital import 
ance to the proper interpretation of past records. Owing to peculiari- 
ties of exposure the amount of rain caught in the mouth of the gauge 
is not the same as would have fallen upon the same surface in the 
absence of the gauge itself, and, further, after correcting for this the 
rain falling at the place of exposure may not be with any accuracy 
the average amount of rain falling in the immediate vicinity. These 
sources of error, depending on exposure and location, respectively, 
have been shown to be ultimately due to the influence of the wind, 
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which in blowing against obstacles suffers variations in velocity and 
deviations in direction, and thereby brings about local inequalities in 
the distribution of the rain-fall. 

That the catch of a gauge varies according to its location was noted 
by Dr. Heberdeu in 1766 by observing that gauges placed on the ground 
collect, in general, a larger amount of rain than gauges on roofs and 
high towers. In lack of any satisfactory explanation of this variation 
Dr. Heberden says ''It is probable that some hitherto unknown prop- 
erty of electricity is concerned in this phenomenon." Some years later 
Benjamiii Franklin suggested that the increase of rain collected in 
gauges on the ground might be due to the augmentation of the rain- 
drops by the condensation of moisture on their surfaces during their 
fall. Though this hypothesis was considered by Dr. Franklin himself 
to be inadequate and open to objection it became the generally accepted 
explanation of the phenomenon. 

The insufficiency of this explanation was afterward shown by others, 
notably Sir John Herschel, who demonstrated that the increase of a 
rain-drop by condensation or otherwise within the last few hundred feet 
of descent must be absolutely inappreciable. 

The first step towards a true explanation supported by the results of 
observation was made by Prof. A. D. Bache, of Philadelphia, in a paper 
presented in 1837 to the British Association, entitled " Note on the effect 
of deflected currents of air on the quantity of rain collected by a rain- 
gauge." Professor Bache made the important discovery that of four 
gauges placed at the corners of a roof, in general, the gauges to lee- 
ward received more rain than those to windward. From this difference 
he was led to the belief that the effect of eddy-winds is a subject of 
primary consideration in the whole question of rain-gauge exposure. 
In 1855 and 1859 Henry fully explained the errors of the Franklin 
hypothesis and gave the correct explanation of Bache's results.* A 
further elucidation of the variations in collection observed by Bache 
was furnished in 1861 by W. Stanley Jevons (Phil. Magazine, 1861: 
Signal Service Notes, "So. XVI), who showed that when by reason of 
an obstacle of any kind the wind is forced into currents of varying ve- 
locity, greater and less than the normal, an irregular distribution of 
rain-fall will result. At places where the wind velocity is increased 
the rain will be carried over and past, and a deficiency will be collected, 
in like manner where the wind velocity is diminished an excess is col- 
lected. The rain-gauge is itself to be considered as such an obstacle' 
to the wind, and the currents around it divert the rain-drops from the 
mouth of the gauge, causing a deficiency that is proportional to the 
wind velocity. Buildings, towers, fences, and trees are still greater ob- 
structions, causing irregularities in distribution that vary with the 
direction and force of the wind, so that gauges located on or near them 
may give either deficient or excessive amounts, but more generally the 

* See also, Maille; Ann. Soc. Met. de France, 1855, III., p. 165. 
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former. The smaller quantity of rain collected on a roof than on the 
adjacent gronnd is undoubtedly due to the deflections and eddies about 
the building and the gauge, which cause such locations to be classed 
as very " poor exposures" compared with the center of a cleared field. 

Signal Service observations show that this deficiency in the rain 
caught by a roof gauge frequently amounts to 26 per cent of the true 
total rainfall, even in monthly and yearly averages. European observ- 
ers have found that for gauges of different sizes exposed to the wind 
the very small gauges have the greater deficiencies, evidently because 
the eddies about them have a larger ratio to the receiving surface. Ex- 
tended comparisons made by the Signal Service between 3-inch and 8- 
inch gauges when exposed to high winds have shown, in conformity 
with European experiments, the superiority of the larger gauge. 

(o) The standard exposure. — ^The preceding considerations lead to the 
definition of the standard exposure as one in which no obstacles, iu 
eluding the gauge itself, have any influence on the catch. This crite- 
rion is attainable by placing a gauge in a large level space, and buried 
in the ground so as not to offer any obstruction to the wind. In prac- 
tice the top of the gauge must, of course, be sufficiently above the sur- 
face of the surrounding ground to prevent any spattering drops from 
falling into the gauge. 

Such an exposure was recommended about 1850 by Joseph Henry in 
his instructions (Tenth Annual Beport of the Smithsonian Institution, 
1855) to observers of the Smithsonian Institution. There are, however, 
f^everal practical objections to such an exposure ; gauges whose mouths 
are near the surface of the ground frequently become filled with leaves, 
dirt, and rubbish of all kinds, and are liable to accidental injury, and 
to disturbance from animals and unauthorized persons. It is also often 
impracticable to find such locations, especially in large cities. There- 
fore in 1858, in his memoirs on meteorology, Henry recommended what 
is now known as the shielded gauge (see his Scientific Writings, pp. 
260-262). 

ISl. THR SHIELDED GAUGE. 

(a) Henrifs gauge. — In view of the difficulties introduced by gauge- 
eddies Henry recommended a simple cylindrical gauge 2 inches iu diam- 
eter, near whose mouth is soldered a collar, consisting of a horizontal 
sheet of metal '^ like the rim of an inverted hat." Comparative obser- 
vations are said to have been made with this form. 

[b) Nipher^s shielded gauge, — As a solution of nearly all difficulties 
Professor Nipher recommends a post or pole exposure, and has sought to 
eliminate the effect of the gauge itself as an obstacle to the wind when 
in an elevated position by surrounding it with a shield that deflects the 
wind downward instead of allowing it to swc^p up over the mouth of the 
gauge. The following description (Am. Asso^. Ad. Sci., 1878, p. 106) of 
this is given by Professor Nipher (see Fig. 98) : Six inches from the lower 
end of the cylindrical rain-gauge a false bottom is placed, and the cylin- 
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der is set over a turned post for support. Around this gaup^e a trumpet- 
shaped shield is placed with the mouth or flaring part opening upward. 
The shield is furnished with a clamp screw at the bottom, and is braced 
near the top by metal strips set with their edges up and reaching from 
the shield to a sliding collar, which encircles the gauge. By this means 
the shield can be set at any desired altitude on the gauge.. The upper 
part of the shield terminates in a horizontal annulus of copper wire 
cloth. All splashing is avoided as all drops fall through the cloth, and 
in order that this end may be secured the wire must be small (No. 20, 
B. W. O.), the meshes rupning about 8 to the inch. Comparisons be- 
tween a shielded and unshielded gauge set 6 feet above the ground 
showed in the latter a rain-fall of 97 per cent, of that collected in the 
former. Further experiments made by Nipher on the roof of a tower 
confirmed the advantage of the shields, but nowhere on the roof could 
uniform results be attained, owing to the irregular distribution of rain 
over its surface. The gauge was then raised to an elevation of IS feet 
above the roof and 118 above the ground. An unshielded gauge thus 
placed showed a catch of 90 to 50 per cent, of the catch of the shielded 
ground gauge. The shield was then placed around this npper gauge 
and clamped, so that its rim should be at various elevations above the 
top of the gauge ; when this elevation amounts to an inch it is neces- 
sary to take precautions against splashing into the gauge. This was 
done by placing inside the shield a concentric cone of copper wire cloth 
separated from the shield by an interspace of half an inch. From the 
results of the experiments it appeared that when the shield is placed at 
an elevation of 3^ inches the elevated gauge, 118 feet above the ground 
and 18 feet above the roof, gives about the same indications as the com- 
mon unshielded gauge at the ground, although differing in level 112 feet 
Recent similar comparisons by Wild corroborate Nipher's conclusion 
that such a shield by annulling the eddies about the mouth of the gauge 
renders its records almost wholly independent of the wind that strikes 
it, so that wherever located it gives the true rain-fall for that spot. With 
Nipher's forms of gauge, therefore, we can examine the distribution of 
rain in the neighborhood of a building, tree, hill, or other obstacle, and 
for each direction of the wind, and decide upon the correction needed 
to reduce any exposure to the correct average of the neighborhood. In 
general, with regard to the roof exposure adopted in cities, there is little 
doubt that by raising the gauge above the roof and providing it with a 
shield the catch will approximate more nearly to the true rain-fall. 

1S9. THE MEA8IIBEMENT OF SNOW. 

For collecting snow a simple cylinder 2 feet deep is used by the 
Signal Service in place of the funnel rain-gauge, which would be un- 
suited for the purpose. In cases of light dry snow-flakes and high 
wind, however, all gauges frequently fail to collect or to retain the 
proper amount of snow, and the catch should, when possible, be checked 
sia 87, PT 2 25 



386 REPORT OF THE CHIEF SIGNAL OFFICER. 

by measarement of the snow on an undrifted aniform flat sarface. This 
is best done by plunging the cylinder vertically into the level snow 
until its lower edge reaches either the groand or the upper surface of 
the snow that fell since the last measurement. A sheet of tin is then 
slipped under the gauge; the snow thus collected is melted, and its 
amount represents the height of the snow-fall in equivalent inches of 
water. 

As preparatory to such measures a small spot of ground should be 
kept covered with a sheet of tin or a few sheets of paper, so that one 
of these may be lifted up with the inverted gauge. 

The measurement of the height of the snow and the reduction of this 
height to an equivalent height of water by assuming 10 inches of snow 
to 1 of water or some other flEictor, is subject to a large range of error 
because of the wide variability of this ratio for different kinds of snow. 
The rain and snow-fall should be melted and measured at every obser- 
vation and not merely once a day. 

The depth of the snow in inches as it lies on the ground is frequently 
wanted in weather predictions, and should be recorded at every obser- 
vation in addition to the measure of snow-fiftil during the preceding few 
hours. 
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